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ABSTRACT
Harnessing Acoustic Streaming for Bioanalysis in Microfluidics
Xiaojun Li
In the past few decades, microfluidic technology has been developed rapidly in both
fabrication methods and multifunctionality integrations, making it a powerful tool for a wider
variety of biological applications. The device fabrication method has expanded from conventional
polymer-based micro devices to 3D-printed micro devices, and allows multiple functions such as
electric, optic, magnetic and acoustic to be integrated on a single platform. This dissertation
focuses on method development of acoustic streaming-based microfluidics in bioanalysis such as
immunoassay, enzyme kinetics and DNA fragmentation analysis.
In this dissertation, a micromixer was developed based on acoustic streaming generated
from sharp-edge structure vibration and achieved rapid and homogeneous mixing of fluids in
microscale. Based on this mixing principle, an acoustic streaming-based microfluidic method was
developed and performed all the fluid and particle operations of bead-based immunoassay
including beads immobilization; active mixing of fluid for bead/target binding; active molecular
exchange for reagent loading and washing. The capability of our micromixer is that enables
simultaneous particle trapping and active molecular exchange in a dead-end microchannel avoid
using magnetic beads or centrifugal forces. The small footprint, simple setup, and continuous flow
operation of this acoustic streaming-based method makes it an attractive platform for continuous
flow bead-based immunoassay.
Additionally, by simply attaching a piezoelectric transducer onto a standard glass
microscope slide, a new voltage-free ionization method called Vibrating Sharp-edge Spray

Ionization (VSSI) was presented. The sharp-edge based device can generate a spray of liquid
samples by either placing a droplet onto the vibrating edge of the glass slide or touching a wet
surface with the glass edge. Small organic molecules, carbohydrates, peptides, proteins, and
nucleic acids can be ionized through this method eliminating the need for a high electric field
(~5000 V·cm−1) for spray generation. The simplicity and voltage free nature of VSSI make it an
attractive option for field portable applications or analyzing biological samples that are sensitive
to high voltage or difficult to access by conventional ionization methods.
Lastly, a 3D printed microfluidics device integrated with a single vibrating sharp-tip mixer
was demonstrated. A highly efficient mixing was achieved through acoustic streaming generated
by the vibration of sharp-tip. Multiple streams of fluids can be mixed with minimal mixing length
(~300 μm) and time (as low as 3 ms), and a wide range of working flow rates from 1.5 μL/min to
750 μL/min. A one-step enzyme kinetics measurement can be achieved by simply adjusting the
flow rates of reagents loaded from three inlets in one experiment run, which eliminates the steps
of preparing and handling multiple solutions thereby simplifying the whole workflow significantly.
With the same integrated device, a DNA fragmentation method can also be achieved under
continuous flow without the need of microbubbles. Genomic DNAs can be fragmented into 700 to
3000 bp fragments with a power consumption of 142.3 mW. Due to the small footprint, continuous
flow and bubble free operation, and high fragmentation efficiency, this method demonstrated great
potential for coupling with other functional microfluidic units to achieve an integrated DNA
analysis platform.

DEDICATED TO

My Family and My Boyfriend

iv

Acknowledgment
I would like to express my sincere appreciation to my advisor Prof. Peng Li for the
unconditional support of my Ph.D. study. Your immense knowledge and integral view for
scientific research have benefited me a lot. My gratitude to you for all your help, guidance and
even push in the research. It is my great pleasure to be the first student with you, this is going to
be one of the most precious experiences of my life. Sincerely thank you for never giving up on me
in the past five years, I have been so lucky to have such a tremendous advisor as you.
Besides my advisor, I would like to thank my committee members, Prof. Stephen J.
Valentine, Prof. Jonathan Boyd, Prof. Kung Wang, and Prof. Yon Rojanasakul, for your insightful
comments and encouragement.
My sincere thanks to my lab mates for all the help and support. Special thanks to Dr. Ziyi
He for the great help in my research and all the happy and wonderful times outside of the research.
Last, I would like to thank my father Shujin Li for being my strongest backing always, and
my mother Di Zhang for all your kindness and support like friends. I can't thank you too much for
both of your unconditional love, support, and sacrifices.
Finally, I wish to give special thanks to my beloved boyfriend Shuangjiang Li, for being
in my life before, now, and forever.

v

TABLE OF CONTENTS
Chapter 1. General Introduction ................................................................................................. 1
1.1 Lab-on-a-chip System and Microfluidics ........................................................................................ 1
1.1.1 Device Materials and Fabrication Technologies ........................................................................ 1
1.1.1.1 Polydimethylsiloxane (PDMS) – based Microfluidic Device ........................................ 2
1.1.1.2 3D-printed based Microfluidic Device ........................................................................... 3
1.1.2 Functionalities Combination in Microfluidics Applications ...................................................... 4
1.2 Acoustofluidics .................................................................................................................................. 6
1.2.1 Mechanism of Acoustic-based Microfluidics and Applications ................................................ 6
1.2.1.1 Radiation Force ............................................................................................................... 6
1.2.1.2 Acoustic Streaming ......................................................................................................... 7
1.2.2 Sharp-edge-based Acoustic Microfluidics ................................................................................. 9
1.2.2.1 Working Principle ........................................................................................................... 9
1.2.2.2 Sharp-edge based Acoustic Microfluidic Applications ................................................. 11
1.2.3 Limitations in Current Sharp-edge based Microfluidics .......................................................... 12
1.3 References ........................................................................................................................................ 13

Chapter 2. Acoustofluidic Enzyme-linked Immunosorbent Assay (ELISA) Platform
Enabled by Coupled Acoustic Streaming ................................................................................ 15
2.1 Introduction ......................................................................................................................... 16
2.2 Materials and methods ......................................................................................................... 21
2.2.1 Chemicals and reagents .................................................................................................. 21
2.2.2 Device design and fabrication ......................................................................................... 21
2.2.3 Characterization of molecular exchange kinetics in the coupling microfluidic chip ............. 22
2.2.4 Particle retention characterization in the microfluidic device ............................................. 22
2.2.5 On-chip bead-based ELISA ............................................................................................ 22
2.3 Results and discussion .......................................................................................................... 24
2.3.1 Design principles ........................................................................................................... 24
2.3.2 Generation of long-range acoustic streaming coupling ...................................................... 26
2.3.3 Rapid molecular exchange between the dead-end side channel and the main fluid channel
enabled by the coupled acoustic streaming ..................................................................................... 29
2.3.4 Particle trapping by the coupled acoustic streaming under a continuous flow in the main
channel........................................................................................................................................ 33
vi

2.3.5 Bead-based immunoassay using the coupled streaming acoustofluidic device ..................... 34
2.3.6 Quantitative IL-6 detection using on-chip continuous flow ELISA .................................... 37
2.4 Conclusion ............................................................................................................................ 40
2.5 References ............................................................................................................................ 41

Chapter 3. Vibrating Sharp-edge Spray Ionization (VSSI) for Voltage-Free Direct Analysis
of Samples using Mass Spectrometry ........................................................................................ 44
3.1 Introduction ........................................................................................................................ 45
3.2 Experimental Section ........................................................................................................... 48
3.2.1 Materials and Device Fabrication .................................................................................... 48
3.2.2 Mass Spectrometry Analysis ........................................................................................... 48
3.3 Results and Discussion ......................................................................................................... 49
3.4 Reference .............................................................................................................................. 62

Chapter 4. One-step enzyme kinetics measurement in 3D printed microfluidics devices
based on a high-performance single vibrating sharp-tip mixer ............................................. 68
4.1 Introduction ......................................................................................................................... 69
4.2 Materials and Methods ......................................................................................................... 73
4.2.1 Reagents ........................................................................................................................ 73
4.2.2 Device Design and Fabrication........................................................................................ 73
4.2.3 Characterization of Mixing Performance.......................................................................... 75
4.2.4 Enzyme Kinetics Measurement ....................................................................................... 75
4.3 Results and Discussion .......................................................................................................... 77
4.3.1 Experimental Design for One-step Kinetics Measurement ................................................. 77
4.3.2 Design and fabrication of active mixer integrated 3D-printed microfluidic chip .................. 80
4.3.3 Characterization of mixing performance of single vibrating sharp-tip ................................ 83
4.3.4 Measuring Enzyme Kinetics of HRP-Amplex Red/H2O2 system ........................................ 91
4.4 Conclusion ............................................................................................................................ 94
4.5 References ............................................................................................................................ 96

Chapter 5. Microfluidic Continuous Flow DNA Fragmentation based on a Vibrating
Sharp-tip ................................................................................................................................... 103
5.1 Introduction ....................................................................................................................... 103
vii

5.2 Materials and Methods ....................................................................................................... 107
5.2.1 Reagents ...................................................................................................................... 107
5.2.2 Device design and fabrication ....................................................................................... 107
5.2.3 DNA sample preparation, collection, and gel electrophoresis .......................................... 109
5.2.4 Characterization of DNA fragmentation performance ..................................................... 109
5.3 Results and Discussion ........................................................................................................ 110
5.3.1 DNA fragmentation by a vibrating sharp-tip .................................................................. 110
5.3.2 The relationship between input power voltage and the size of DNA fragments ................. 114
5.3.3 Study of flow rates for a single vibrating sharp-tip device ............................................... 118
5.4 Conclusion .......................................................................................................................... 119
5.5 References .......................................................................................................................... 120

Chapter 6. Closing Remarks and Future Outlook................................................................. 123

LIST OF FIGURES
Figure 2.1. a) and b) Schematic and a real image of the coupled acoustic streaming device. Blue
food dye was loaded into the fluidic channel to enhance visualization. c) An illustration of the
working mechanism of the acoustic streaming enabled bead-based ELISA. ............................... 20
Figure 2.2. Optimization of fluorescent substrate incubation time. ........................................... 24
Figure 2.3. Generation of coupled acoustic streaming. .............................................................. 28
Figure 2.4. Characterization of molecular exchange kinetics induced by the coupled acoustic
streaming. ...................................................................................................................................... 31
Figure 2.5. Characterization of molecular exchange kinetics under a power input of 4.4, 6.2,
8.9, and 13.1 Vpp, respectively..................................................................................................... 32
Figure 2.6. Stacked images showing the particle trace at the intersection between the main
fluidic channel and the side channel. ............................................................................................ 34
Figure 2.7. Microscopic images of a biotin/streptavidin-based immunoassay ........................... 36
Figure 2.8. Comparison of molecular exchange rate between with and without beads in the side
channel. ......................................................................................................................................... 37
viii

Figure 2.9. a) Illustration of a complete on-chip ELISA protocol for quantitative IL-6 detection
with the coupled acoustic streaming device; b) Plot of concentration of IL-6 vs. the fluorescence
intensity. ....................................................................................................................................... 38
Figure 2.10. a) Fluorescent images of before loading fluorescein solution, after loading
fluorescein solution, and after washing. b) Plot of fluorescence intensity of side channel before
loading fluorescein solution, after loading fluorescein solution, and after washing. ................... 39
Figure 3.1. Schematic diagram of VSSI. .................................................................................... 47
Figure 3.2. Size distributions of droplets generated by VSSI under different power input
conditions and for different solvent systems. .............................................................................. 53
Figure 3.3. Mass spectra of a) homocysteine (1 mM); b) Sucrose (1 mM); c) polyananine
peptides; d) ubiquitin (1 mM); e) DNA duplex with Hoechst 33342. ......................................... 55
Figure 3.4. Mass spectra of 1 µM acetaminophen at flow rates of a) 5 μL/min b) 20 μL/min.... 56
Figure 3.5. In-droplet denaturation of ubiquitin by MeCN.......................................................... 58
Figure 3.6. In-situ analysis of trace chemicals on human fingertips with VSSI. ........................ 60
Figure 4.1. Schematic of the one step enzyme kinetics measurement platform. ......................... 71
Figure 4.2. 2D schematic graph of chip design and dimensions for enzyme kinetic study.. ....... 77
Figure 4.3. On-chip generation of different H2O2 concentrations with a three-inlet design. .... 79
Figure 4.4. Mixing of fluids by the vibrating sharp-tip mixer in a 3D-printed microchannel. ... 81
Figure 4.5. Relationship between amplitude and linear streaming velocity generated from sharptip size of 10 μm and 20 μm separately, further increasement of amplitude will generate bubbles
into the system .............................................................................................................................. 83
Figure 4.6. Characterization of mixing performance of single vibrating sharp-tip at different
flow rates and input voltages. ....................................................................................................... 86
Figure 4.7. (a) mixing length and (b) mixing time as a function of the flow rates ..................... 88
Figure 4.8. Mixing performance of the vibrating sharp-tip mixer in channel width of (a) 500 μm
and (b) 1000 μm ........................................................................................................................... 89
Figure 4.9. Mixing of fluorescein and water with acoustic signal (a) OFF and (b) ON. ............ 90
Figure 4.10. Linear relationship between the fluorescence intensity and RF/RT. RF is the flow
rate of fluorescent resorufin, RT is the total flow rate ................................................................. 92
Figure 4.11. Enzyme kinetic study of HRP-amplex red/H2O2 system by 3D-printed
microfluidic platform.. .................................................................................................................. 93
Figure 4.12. Enzyme kinetics mesruement of HRP-amplex red/H2O2 system using a 96 well
plate .............................................................................................................................................. 94
ix

Figure 5.1. Schematic of the vibrating sharp-tip DNA fragmentation platform. ...................... 106
Figure 5.2. (a) An illustration of acoustic streaming vortex with inserted sharp-tip. (b)
Generation of acoustic streaming by the vibrating sharp-tip in a 3D-printed microchamber... 112
Figure 5.3. (a) An illustration of the DNA fragmentation workflow. (b) Gel electrophoresis of
DNA fragments after fragmentation under flow rate of 1 µL/min, voltage of 6.67 Vpp.. ........ 113
Figure 5.4. Influence of bubbles on DNA fragmentation working mechanism. ........................ 114
Figure 5.5. Fragment size characterization in DNA fragmentation performance based on input
voltage. ........................................................................................................................................ 117
Figure 5.6. Relationship between the minimum required voltage and the flow rates for acoustic
based DNA fragmentation. ......................................................................................................... 119

x

Chapter 1. General Introduction
1.1 Lab-on-a-chip System and Microfluidics
A lab-on-a-chip (LOC) is a miniaturized device that integrates multiple laboratory
techniques such as DNA sequencing or biochemical detection into a single chip. Microfluidic
technologies used in lab-on-a-chip devices allow to process and manipulate small amount of
fluids (10-9 to 10-18 liters) using channels with dimensions of tens to hundreds of micrometers1.
At this scale, the behavior of fluids makes it easier to control its movement and interaction with
surfaces, causing reactions to be much more efficient, and minimizing chemical waste. An
important goal of microfluidic research is to integrate various fluid manipulation components
(such as pumps, valves, filters and mixers) and analytical separation and detection technologies
to perform complete on-chip analysis for various complex samples. Over the years, numerous
microfluidic technologies have been developed for a wide range of biological applications
including single cell analysis, DNA sequencing, PCR amplification, biomolecule sensing, cell
sorting and manipulation, and tissue/organ fabrication.
1.1.1 Device Materials and Fabrication Technologies
Since the introduction of microfluidic devices in the early 1990s (J. Chromatogr. 593 (1992)
253; Science 261 (1993) 895), glass and silicon has been the dominant material for their
fabrication due to the well-established fabrication methods by the semiconductor industry and
the well-characterized surface properties2345. Most of these early systems were fabricated using
traditional microfabrication methods such as photolithography, micromachining, and etching.
These fabrication methods require routine access to expensive facilities (e.g., clean rooms) and
special equipment, which presents a barrier for general researchers in chemistry and biology
1

seeking to create microfluidic devices. In addition, the biocompatibility of these materials is not
ideal for biological applications. Plastics is another important class of materials for microfluidic
devices. Plastics is low cost and can be fabricated using high resolution mold transfer methods
such as injection molding and hot embossing.
1.1.1.1 Polydimethylsiloxane (PDMS) – based Microfluidic Device
Polydimethylsiloxane (PDMS) is the most widely used material for fabricating microfluidic
devices due to its excellent properties. Compared with the above-mentioned materials, PDMS
based devices are very easy to fabricate and are accessible to many laboratories that do not have
significant conventional microfabrication expertise. The monomer of PDMS is a transparent
liquid at room temperature. Microchannels can be fabricated using a replica molding process in
which the monomer is cured at elevated temperature in the present of a catalyst. Once a mold is
fabricated using photolithography, it can be reused to fabricate many identical PDMS devices
without the need of a cleanroom.
The chemistry property of PDMS allows it to be bonded a wide range of substrates,
including plastics, silicon, and glass slides. The surface methyl groups of PDMS can be
converted into silanol groups when it is exposed to oxygen or air plasma6, and the silanol groups
can easily react with hydroxyl (OH) to form O-Si-O covalent bond. This reaction makes it
possible to bond silane to the glass or silicon surface for functionalization7 with high bonding
strength.
In addition, PDMS has very good optical properties and excellent biocompatibility. The
elasticity of PDMS enables the fabrication of microvalves, which is critical for many complex
sample operations for integrated microdevices. Despite the wide adoption of PDMS as the device
2

material, several drawbacks limit the potential of PMDS devices for broader usage. First, PDMS
is not chemically inert to accommodate many reactive chemicals and requires surface treatment
to prevent the adsorption of many molecules. Second, PDMS devices are not rugged, which may
not be suitable for many harsh working environments. Lastly, it is difficult to scale up the
manufacturing of PDMS devices for commercialization of many microfluidic devices.
1.1.1.2 3D-printed based Microfluidic Device
3D printing has recently emerged as an alternative fabrication method for microfluidics.
Based on the working principles, 3D printing techniques can be divided into three major methods:
fused deposition modeling (FDM), Polyjet (PJ) and stereolithography (SLA). In FDM, the
thermoplastic material is melted into a semi-solid form by a heating element. When the material
is extruded, it cools and solidifies to form the model. PJ printing relies on the ejection of a
photopolymer droplets onto the build surface through a nozzle. Then the droplet can be
polymerized by an integrated UV light source. In SLA, fluid resin is cured layer by layer by a
ultraviolet light source with a desired pattern. For microfluidic device fabrication, SLA is the
most popular method as it balances the cost and printing resolution. Regardless of the underlying
printing mechanism, the general workflow of fabricating microdevices is basically the same. It
starts with creating 3D model using a design program. The computer program outputs the STL
file describing the 3D structure and is widely accepted as a standard format for the
communication between 3D printers and computers. After the 3D printer receives the STL file, it
starts printing. When printing is complete, the device can be completed after the post-processing
step.
Compared with the labor-intensive and multi-step soft lithography process, 3D printing
3

allows rapid device iteration due to its “design to product” workflow. In addition, as the cost of a
3D printer reduced significantly in recent years, 3D printing can further increase the accessibility
of microfluidic devices. Despite these practical advantages, 3D printing currently also faces
many challenges to fully replace the PDMS based microdevices. First, the printing resolution is
still low compared to conventional microdevices. Current SLA based printing can achieve
features ~hundreds of microns, whereas PDMS based device can achieve a resolution of several
microns. Second, the functionality of 3D printed devices is still very limited. Over the decades of
research and development, PDMS based devices have accumulated a myriad of tools to achieve
various kinds of on-chip functions. However, many of these existing methods are specific to
PDMS, and cannot be transferred to 3D printed devices directly. More research efforts are still
needed to enrich the toolbox of 3D printing microfluidics.
1.1.2 Functionalities Combination in Microfluidics Applications
To meet the needs of diverse applications in medicine, biology, chemistry, and physics,
microfluidic devices are often combined with external forces to achieve various kinds of on-chip
functionalities. Common force fields that have been combined with microfluidics include
magnetic89, electrical1011, optical12 and acoustics1314.
Magnetics is a straightforward way to introduce extra control mechanism to microdevices.
It usually requires either the channel material or the manipulation target to be responsive to
magnetic forces. It has been used in many applications including fluid mixing, bioassays, and
cell separation. Gijs et al. mixed two fluid streams using magnetic particles, which achieved a
mixing efficiency of 95% with flow rates up to 5 mm s-1

15

. Song et al. demonstrated a fully

integrated electromagnetic system for cell sorting and achieved a separation efficiency of 87.2%4

92.4%

16

. Magnetic microbeads are the most commonly used solid surface for immobilizing

capture molecules, such as proteins and nucleic acids, for biosensing.
Eclectic field is another effective mechanism for manipulating fluids and particles inside a
microchannel. Applying a DC field to the microchannel can achieve electrokinetic based
manipulation and separation. Electroosmotic flow has been reported as efficient way to transport
fluids/samples through the microchannel. Lee et al. reported an electrically driven continuous
cell lysis device where cells can be lysed at an operating voltage of 50 V without the need of
chemical lysis reagents17. In addition, dielectrophoresis has been utilized for manipulating
particles based on the non-uniform electric field. The non-uniform electric field acts on
uncharged polarized particles or cells to generate a dipole moment, which moves the particles
towards the direction of high or low field. Viefhues et al. introduced a dielectrophoresis-based
microfluidic device for nanoparticles separation based on the strong dielectrophoresis force
generated from the non-uniform electric field18.
Microparticles can be trapped and hold in a precise position by a non-negligible force
applied by a light beam. Since most of the microfluidic devices are made of transparent materials,
optical force can be directly coupled to the device without the need of fabricating special features.
To date, the optical force has been used for both cell trapping and cell sorting. Cell trapping is
achieved using two well aligned opposite laser beams, while cell sorting is achieved by the
scattering force generated from a single laser beam. Kreysing et al. achieved cell trapping
through a dual beam laser by changing the intensity distribution emitted from the fibers19.
Cristiani et al. achieved optical based cell sorting with a microfluidic chip integrated with optical
waveguides that can emit laser radiation20.

5

1.2 Acoustofluidics
In recent years, Acoustofluidics, i.e. the combination of acoustics and microfluidics, has
become an important tool for manipulating fluids and particles in microfluidics. The interaction
of acoustic waves and fluids results in two important physical effects: acoustic streaming and
radiation force, both of which have been observed and described in the 19th century. Despite that
these effects have been known for long time; their applications are rather limited due to the
difficulties in the precise control of fluid flow to utilize the effects efficiently. With the
development of microfluidics and microfabrication, the precise control of acoustic fields and
fluid flow becomes possible. As a result, numerous applications that are enabled by
acoustofluidics have been reported in the past decade.
1.2.1 Mechanism of Acoustic-based Microfluidics and Applications
In the field of acoustofluidics, there are two key phenomena resulted from the interaction of
acoustics and fluids, namely the acoustic radiation force and the acoustic streaming. The acoustic
radiation force is a results of the scattering of the harmonically-oscillating acoustic waves on the
particles21, while the acoustic streaming is a steady fluid flow due to the viscous dissipation of
the acoustic energy to the liquid22.
1.2.1.1 Radiation Force
In 1866, Kundt and Lehman described the acoustic radiation force for the first time. The
acoustic radiation force is the time averaged force acting on particles or cells suspended in a fluid
with either a propagating or standing acoustic wave field. When propagating in a continuous
medium, acoustic wave are scattered after encountering any inhomogeneity. The acoustic
radiation force is the result of the nonlinear scattering of the sound waves. Acoustic
6

discontinuities cause local distortions, which produce a time-averaged pressure difference on the
surface of the particle that controls the movement of the particle in the fluid. The magnitude of
the force is proportional to the size of the particle. Therefore, in the microfluidic system, the
acoustic radiation force is usually used for the manipulating particles and cells. To date, many
applications have been demonstrated utilizing acoustic radiation, including controlling cell-cell
communication, fabricating 3D cell culture, label free separation of cells, cell focusing, and cell
sorting. For example, Li et al. achieved circulating tumor cells (CTC) separation from cancer
patients blood samples through an acoustic-based microfluidic device. The method combined the
acoustic radiation force and hydrodynamic force to separate cancers from normal white blood
cells, which achieved successful recovery of cancer cells with a concentration as low as 100
cells/mL. In another example, acoustic-based fluorescence activated cell sorters (FACS) was
developed. Ai et al. presented a FACS method for sorting the micron-sized particles out using a
surface acoustic wave beam that is highly focused23.
1.2.1.2 Acoustic Streaming
Acoustic streaming is the time-averaged movement of the entire carrier fluid caused by the
oscillation of the acoustic field in the medium. It comes from the volume attenuation of the
sound wave or the interaction between the sound wave and the solid boundary. The magnitude
and pattern of acoustic streaming is affected by the geometry of the resonant cavity, such as a
microchannel or a microchamber24. Acoustic flow is generally divided into bulk-driven acoustic
streaming (Eckart streaming) and boundary-driven acoustic streaming (Rayleigh streaming). The
bulk-driven acoustic streaming originates from the bulk absorption of the acoustic energy in the
liquid, which results in a steady velocity in the direction of sound wave propagation. This is
observed for traveling sound waves in configurations where the spatial dimension of the fluid
7

domain is equivalent to or longer than the absorption length of the sound waves. Boundarydriven acoustic streaming stems from the viscous stresses present in a thin area near the
boundary (called the acoustic boundary layer), where the amplitude of the acoustic velocity
oscillation must transition from its bulk value to zero at the wall. Due to the non-linearity, the
viscous stress in the acoustic boundary layer will produce a steady velocity parallel to the wall,
which will drive a steady flow in bulk fluids. Due to the small dimension of microfluidic
channels, the boundary-driven acoustic streaming is often the dominant type of streaming.
Compared to acoustic radiation force, acoustic streaming is more difficult to control in the
microchannel. For many acoustic radiation force-based applications, the acoustic streaming is an
undesired effect. Nevertheless, acoustic streaming has been used to achieve fluid mixing,
pumping, and particle trapping inside microchannels. In microfluidic systems, acoustic trapping
enables non-invasive and non-contact immobilization of cells and particles. Due to the pressure
gradient generated by the standing wave in the viscous boundary layer near the wall, a bulk
circulating flow is generated in the fluid, which not only helps to draw the particles into the
acoustic trap, but also prevents the particles settling in the channel24. Micropumping is an
important component in microfluidic systems. Acoustic streaming can be used for micropumping
via oscillating microbubble induced streaming. When a bubble is excited at its resonance
frequency, it oscillates with sound waves and pumps liquid through the channel. Acoustic
streaming has also been studied to achieve efficient mixing of multiple flow streams. It enables
rapid and uniform chemical reactions in a microfluidic channel.

8

1.2.2 Sharp-edge-based Acoustic Microfluidics
While the application of acoustic streaming is rather limited with the conventional setup,
Huang et al. first reported to use sharp-edge structures to localize acoustic streaming, which
greatly improved the efficiency and controllability of acoustic streaming in microfluidics.
1.2.2.1 Working Principle
Sharp edge as a solid structure that produces oscillations is an effective acoustic streaming
generation method in microfluidics. The sharp-edge structures can be fabricated on the wall of a
microfluidic channel by standard soft lithography. The working principle for the generation of
acoustic streaming from sharp-edge vibration has been studied by Ovchinnikov et al. at 2014
based on perturbation approach25. Acoustic streaming is a steady streaming flow caused by the
dissipation of acoustic energy. The acoustic streaming can be described by the Navier-Stokes
(NS) equation as below:
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

1

(1)

+ (𝑢𝑢 ∙ ∇)𝑢𝑢 = − ∇𝑝𝑝 + 𝜇𝜇∇2 𝑢𝑢
𝜌𝜌

(2)

∇ ∙ 𝑢𝑢 = 0,

where 𝑢𝑢 is the velocity of fluid, 𝑝𝑝 is the pressure of fluid and 𝜇𝜇 represents the kinematic viscosity.
Based on the perturbation technique, the velocity and pressure field can be decomposed into a
first-order time dependent component and a second-order steady state component:
(3)

𝑢𝑢 = 𝑢𝑢0 + 𝑅𝑅𝑅𝑅(𝑢𝑢𝜔𝜔 𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖 )

𝑝𝑝 = 𝑝𝑝0 + 𝑅𝑅𝑅𝑅�𝑝𝑝𝜔𝜔 𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖 �,

(4)
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where 𝑢𝑢𝜔𝜔 and 𝑝𝑝𝜔𝜔 are the velocity and pressure variation amplitudes that describe the magnitude
and the phase of acoustic motion. The term 𝑅𝑅𝑅𝑅(𝑢𝑢𝜔𝜔 𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖 ) and 𝑅𝑅𝑅𝑅(𝑝𝑝𝜔𝜔 𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖 ) represent velocity and

pressure in the time-dependent acoustic field. The steady state velocity and pressure are 𝑢𝑢0 and
𝑝𝑝0 , respectively. Note the 𝑢𝑢0 is the commonly considered acoustic streaming.

In this study, since the acoustic wavelength of the sharp edge is much larger than flow

dimensions, the fluid can be considered as an incompressible fluid. By substitution Eq. (3) and
Eq. (4) into incompressible NS Eq. (2), two derivation can be solved as time-depend term (Eq. 5)
and steady-state velocities (Eq. 6):
1

(5)

𝑖𝑖𝑖𝑖𝑢𝑢𝜔𝜔 = − ∇𝑝𝑝𝜔𝜔 + 𝜇𝜇∇2 𝑢𝑢𝜔𝜔
𝜌𝜌

∇ ∙ 𝑢𝑢0 = 0;

1

1

𝑡𝑡 ]
(𝑢𝑢0 ∙ ∇)𝑢𝑢0 + 𝑅𝑅𝑅𝑅[(𝑢𝑢𝜔𝜔 ∙ ∇)𝑢𝑢𝜔𝜔
= − ∇𝑝𝑝0 + 𝜇𝜇∇2 𝑢𝑢0
2

𝜌𝜌

(6)

∇ ∙ 𝑢𝑢0 = 0.

Comparing Eq. (6) to the form of NS equations, an force term can be found:
1

(7)

(𝑢𝑢0 ∙ ∇)𝑢𝑢0 = (𝑓𝑓 − ∇𝑝𝑝0 ) + 𝜇𝜇∇2 𝑢𝑢0
𝜌𝜌

∇ ∙ 𝑢𝑢0 = 0,

where the force is a time-averaged inertia term due to the first-order acoustic field and given by
𝜌𝜌

(8)

𝑡𝑡
𝐹𝐹 = − 𝑅𝑅𝑅𝑅[(𝑢𝑢𝜔𝜔 ∙ ∇)𝑢𝑢𝜔𝜔
].
2
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Through perturbation theory, the force can be solved by the solution of the acoustic
velocity, which can be derived from the first-order time-depend term (Eq. 5). the force 𝐹𝐹 will be

generated near the tip of the sharp structure, causing non-uniformity of the acoustic field and
makes the acoustic streaming possible. Inputting the force into the steady-state Eq. (7), the
velocity of acoustic streaming can be solved. The solution of the 𝑢𝑢0 indicates that there will be

two counter rotating vortices around the tip of the sharp-edge structures, which matches the
experimental observation.
1.2.2.2 Sharp-edge based Acoustic Microfluidic Applications
Fluid mixing is difficult to achieve in microfluidic devices because of the viscous force
exceeds the inertial force under laminar flow due to the small channel size. Huang et al. achieved
homogeneous mixing based on the acoustic streaming effects induced by the oscillation of sharpedges with a mixing time ~180 ms at a flow rate of 2 µl min-1. The driven frequency and voltage
was 4.50 kHz and 31V, respectively26. Based on this work, Huang group further established a

microfluidic pumping using acoustically driven sharp edges by redesigning the geometry and
orientation of the structures. The pump can generate stable flow rates as high as 8 μL min-1 with
a pumping pressure of ~76 Pa, and it can tune flow rates across a wide range from nanoliters to
microliters per minute27. Except for mixing and pumping in acoustic-based microfluidic,
synthesis of nanoparticles (NPs) using sharp-edges has also been demonstrated. In this work,
acoustic streaming induced by the oscillation of sharp-edges was utilized to achieve the mixing
of reagents, resulting in rapid mass transport. A variety of NPs were synthesized using this
method including polymeric NPs, chitosan NPs, nonspherical hybrid NPs, metal organic
frameworks biocomposites, and DNA complexes. Based on the strong acoustic streaming
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generated by the sharp-edge device, several applications in bioanalysis have also been reported.
Huang et al. first demonstrated a liquefaction microfluidic device for human sputum samples. By
using sharp-edge based micromixer inside microfluidic channel, samples of sputum and
dithiotreitol solution can be fully mixed to consistently liquefy human sputum samples28.
Another application for stool analysis was also reported. Stool samples and buffers can be
homogenized by strong acoustic streaming induced from the sharp-edge vibration at a flow rate
of 30 µL min-1

29

. For cell lysis, Huang et al. achieved a lysis efficiency more than 90% using

acoustic-based sharp-edges with a high shear force generated from acoustic streaming for
mechanically rupturing cell membranes30.
1.2.3 Limitations in Current Sharp-edge based Microfluidics
Although sharp-edge based acoustic streaming holds great potential as a powerful tool for
manipulating fluids and particles inside a microchannel, its functionality is still mostly limited to
simple fluid operations such mixing and pumping. To achieve the full potential of sharp-edge
streaming calls for novel methodologies to further improve the power efficiencies of the system,
enable individually addressable sharp-edge units, and perform complex fluid/particle operations.
This dissertation reported the development of several new configurations of the sharp-edge
induced acoustic streaming, which greatly improve the performance and functionality of sharpedge devices.
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Chapter 2. Acoustofluidic Enzyme-linked Immunosorbent Assay (ELISA)
Platform Enabled by Coupled Acoustic Streaming
Abstract
Bead-based ELISA in microfluidics is a promising platform for reducing the reagent
consumption and improving assay throughput due to its fast binding kinetics and low reagent
consumption. Current microfluidic bead-based immunoassay mainly relies on magnetic and
centrifugal forces to manipulate microparticles to complete an assay protocol. Here we report an
acoustic streaming-based microfluidic method that can perform all the fluid and particle
operations of bead-based ELISA. A series of sharp-edge structures are used to generate a longrange coupled acoustic streaming that enables simultaneous particle trapping and active
molecular exchange in a dead-end microchannel. The device achieved >99% of molecular
exchange in 4 min, while maintaining a particle trapping efficiency of 85%. This acoustofluidicbased method demonstrates all three key operations in a bead-based immunoassay: (1) Beads
“immobilization”; (2) Active mixing of fluid for bead/target binding; (3) Active molecular
exchange for reagent loading and washing. Finally, on-chip quantitative detection of biomarker
IL-6 with a limit of detection ~50 pg/mL is achieved using this platform including an enzymatic
signal amplification step. The small footprint, simple setup, and continuous flow operation of the
acoustic streaming-based method makes it an attractive platform for continuous flow bead-based
immunoassay.
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2.1 Introduction
Bead-based immunoassay is one of the most widely used analytical methods for low
abundance biomarkers in a laboratory setup. Compared to planar assay format, bead-based
assays offer short incubation time and low reagent consumption due to the large surface to
volume ratio of microparticles and short diffusion length, both of which are desired
characteristics for diagnostic applications [1,2]. Despite the advantages of bead-based assay,
using beads as solid support requires additional mechanism to manipulate the beads while
performing routine immunoassay protocols, which often leads to more manual operation and
extra assay complexity.
To reduce the manual operation and sample/reagent consumption, microfluidics has been
employed for bead-based immunoassay. Microfluidic bead-based immunoassay methods need to
manipulate microparticles while performing a series of fluid operations required in immunoassay
including sample/reagent loading, incubation, and washing in microfluidics. The most widely
used method is based on magnetic beads (MBs), which can be immobilized in microchannels by
an external magnet [3]. The direct beads immobilization by magnetic field is very convenient for
flowing fluid operations without worrying about bead loss [4-6], but the lack of particle mixing
and particle re-suspension in many existing methods leads to slow binding kinetics and long
diffusion length thereby reducing the value of using beads as solid supports. Although particle
mixing can be achieved by manually moving the magnet [7], the reproducibility of the reaction is
difficult to maintain due to the challenges in moving the magnet linearly and at a constant
velocity [8]. An alternative strategy to overcome this problem is to perform continuous flow
immunoassay in a multi-stream microfluidic device [9-11]. For instance, Peyman et al. reported a
microfluidic sandwich immunoassay by directing MBs to traverse multiple reagent streams using
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a side magnet [9]. While the continuous flow format successfully achieved active mixing of MBs
and reagents, it requires a sophisticated pumping system to generate co-flows of multiple
reagents, which limits its potential for POC applications. Moreover, the continuous flow format
needs an additional particle trapping/collection unit to achieve the enzymatic based-signal
amplification step in typical ELISA.
In addition to MB based-ELISA, centrifugal microfluidics have also been used in beadbased ELISA applications [12,13]. Centrifugal microfluidics excels at conducting serial fluid
operations without the need for external pumps. Despite its difficulties in manipulating particles,
several strategies have been reported to achieve bead-based immunoassay in centrifugal
microfluidics. One common strategy is to confine particles using a geometrical barrier. For
example, Riegger et al. reported a centrifugal device that can perform multiplex immunoassays
using particles coated with different capture proteins [14]. A narrow neck connecting fluid
chambers was fabricated to restrict particles in the chamber. Active mixing of particles and
reagents can be achieved by employing a valve structure and operating at shake mode [15]. The
major limitation for barrier based centrifugal microfluidics is the requirement for large particles
(~200 µm), which decreases the overall surface-to- volume ratio of the capture system leading to
slow reaction kinetics. To leverage the advantage of small particles, Zhao et al. reported
centrifugo-pneumatic particle manipulation that can achieve particle loading and resuspension by
adjusting the spin frequency [16,17]. Another strategy to manipulate particles is to combine MBs
with centrifugal microfluidics [18,19]. For instance, Czilwik et al. utilized an external magnet to
transfer MBs through a series of fluid chambers in a lab disk platform [19]. When combined with
centrifugal reagent loading, the device demonstrated an ELISA type detection for a common
protein biomarker c-reactive protein. The major challenge in this strategy is to overcome liquid17

gas interface when transporting particles using magnets. As a result, it requires magnetic
particles to have high magnetic susceptibility.
While both magnetic and centrifugal based particle manipulation have been applied in
bead-based immunoassay, new strategies that can provide complementary features such as high
versatility, amenable to automation and integration, small footprint, and low cost, are still needed.
Here we report a new platform for microfluidic bead-based ELISA that can achieve beads
confinement, active mixing, and sequential fluid operations with a simple device setup based on
acoustic streaming. Although acoustic radiation force-based particle trapping has been reported
for bead-based immunoassay [20], acoustic streaming-based assay allows for simpler device
setup and more efficient beads mixing. Acoustic steaming is a steady directional flow generated
through the interaction between acoustic vibrations and a fluid [21]. When combined with
microfluidics, it has been used for fluid mixing, pumping, and cell separation [22-24]. The
technology is considered as a promising tool especially for point-of-care (POC) and large-scale
applications because of its active control capability, small footprint, ease of use, and low cost.
However, it has not been demonstrated for bead-based ELISA due to its inability of maintaining
beads in a chamber while allowing active fluid operations. Although it is possible to trap
particles in the streamlines of a small acoustic streaming vortex, the low trapping force makes
the trapped particles easily escape from the vortex under a convection fluid flow, which is
inevitable in a standard ELISA as sample/reagent loading and washing all involves direct
interaction between particles and fluid flow. Therefore, a conventional acoustic streaming device
cannot be used for microfluidic bead-based immunoassay.
In this work, we designed a series of microstructures that can generate coupled acoustic
streaming to form a single large, long range vortex, which allows for simultaneous particle
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trapping and fluid manipulations in one device. Unlike previous acoustic methods where small
individual microvortices were generated [22-25], the present work exploits the interaction
between neighboring streaming vortices to form a single long range microvortex. The long-range
microvortex can achieve active molecular exchange without a direct convection flow while
trapping particles in its streamlines. By designing a dead-end side channel and a main fluid
convention channel (Fig 2.1 a&b), a continuous flow bead-based platform is established, where
all three key functions in a beads-based immunoassay can be realized: (1) Beads immobilization ;
(2) Active mixing of fluid for bead/target binding; (3) Active molecular exchange for reagent
loading and washing (Fig 2.1c). Using this platform, we demonstrated quantitative detection of
protein biomarker interleukin-6 (IL-6) with a limit of detection 50 pg/mL. Compared to
conventional beads-based ELISA platforms, this method has great potential for automation as it
allows for continuous flow operation. It also does not require magnetic beads for the assay,
which will promote more flexible choices of solid support materials in ELISA and reduce the
cost. In addition, the present method offers attractive features for POC applications due to its
small footprint, low cost, and ease of use.
In addition to the ELISA application, the method described here can also serve as a general
tool for rapid molecular exchange in a dead-end microchannel, which are specifically useful for
on-chip cell culture/analysis, and organ-on-chip applications.
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Fig 2.1. a) and b) Schematic and a real image of the coupled acoustic streaming device. Blue food dye
was loaded into the fluidic channel to enhance visualization. c) An illustration of the working mechanism
of the acoustic streaming enabled bead-based ELISA. After filling the channel with PBS, beads solution
is loaded into the main channel via convective flow. By turning on the acoustic signal, the side channel
vortex streaming can guide bead solution into the dead-end side channel. Beads in the main channel are
washed out by a second reagent solution. The second reagent is then actively transported into the side
channel via the coupled acoustic streaming while beads in the side channel remain trapped. Once the
reagent loading is finished, washing can be done with the same fashion. By repeating these sequences, the
fluid and particle operations in a bead-based immunoassay can be achieved with the coupled acoustic
streaming device.
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2.2 Materials and methods
2.2.1 Chemicals and reagents
PDMS (polydimethylsiloxane) (Sylgard 184) was obtained from Ellsworth. Silicon wafers
(p-type, 100 orientation), and photoresist SU8-2050 were purchased from University wafers and
Microchem, respectively. Yellow-green fluorescent latex microbeads (2 µm), polystyrene
microbeads (2 µm), and fluorescein powder were purchased from Sigma Aldrich (St. Louis, MO,
USA). Bovine serum albumin (BSA) powder was purchased from Fisher Scientific. 3% Bovine
serum albumin (BSA) solution was prepared by dissolving 1.5 g BSA powder (Fisher Scientific)
in 50 mL 1X PBS solution (Quality Biological). Biotinylated BSA and streptavidin-Alexa 488
conjugate were purchased from Invitrogen and Pierce, respectively. Human IL-6 lyophilized
standard, IL-6 capture antibody, biotinconjugated Human IL-6 detection antibody, NeutrAvidin
HRP, and Amplex Red HRP Substrate were purchased from Thermo Fisher Scientific.
2.2.2 Device design and fabrication
The microfluidic chip consists of two parts as shown in Fig 2.1: a main channel, and a
dead-end side channel. The main channel allows rapid reagent exchange via convective flow.
The dead-end side channel facilitates the particle trapping by protecting particles from direct
shear stress from the main channel. The length for both the main channel and side channel is 0.5
cm. The channel width and height are 600 µm and 100 µm, respectively. The typical Reynolds
number in the side channel is estimated to be ~0.1 considering the dimension of the side channel
and typical streaming velocity ~0.5 mm/s. The device is fabricated following standard soft
lithography procedures. Briefly, the microchannel design on a high resolution mask was
transferred onto a silicon wafer using photolithography. PDMS prepolymers and curing agent
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mixture (10:1) was then poured onto the silicon mold and cured for 1 h at 65oC. Cured PDMS
was bonded onto a microscope cover glass using air plasma. Finally, a piezoelectric transducer
(Murata) was bonded to the PDMS/glass hybrid device using super glue.
2.2.3 Characterization of molecular exchange kinetics in the coupling microfluidic chip
0.01 M fluorescein solution was used for tracking the molecular exchange between the
main and the side channel. The whole device was first filled with PBS solution in a vacuum
desiccator. The fluorescein solution was then introduced into the main channel using a syringe
pump (Chemyx Inc.) at a flow rate of 20 µL/min. Once the fluorescein flow was stable, the flow
was changed to 2 µL/ min, and the acoustic signal (95.1 kHz) was turned on using a Tektronix
function generator (AFG1062) and an amplifier (Mini- Circuits LZY-22þ). Fluorescent images
were taken every 30 s using an Olympus inverted (IX 73) microscope and analyzed using ImageJ.
2.2.4 Particle retention characterization in the microfluidic device
Yellow-green latex beads (2.0 mm) were used to evaluate the particle trapping performance
in the microchannel. Fluorescent beads were loaded into the side channel by acoustic streaming
(95.1 kHz and 13.1 Vpp), and the acoustics remained on for 20 min to trap particles in the side
channel. Particle retention rate was obtained by counting the number of particles at the beginning
and the number of particles escaped from the side channel during the 20 min period.
2.2.5 On-chip bead-based ELISA
The device was degassed and coated by 3% BSA in PBS for 10 min before each
experiment. Biotinylated BSA or BSA coated polystyrene beads were loaded into main channel
with a flow rate of 2 µL/min using a syringe pump. Once the bead concentration was stable in
the main channel, the signal generator was turned on to load beads into the side channel. After
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the beads were loaded into the side channel, the main channel fluid was switched to PBS buffer
to wash out the remaining beads in the main channel for 5 min. 10 µg/mL Alexa-488 streptavidin
solution was then loaded into the side channel with the same fashion for 5 min and incubated
with the beads for 15 min. After incubation, the whole device was washed with 1X PBS buffer
with acoustic on for 5 min. Fluorescence signals from particles were examined using an
Olympus epifluorescence microscope.
For IL-6 ELISA, sample incubation time, fluorescent substrate incubation time, washing
time, and main channel flow rates were first studied to obtain optimal ELISA results (Fig 2.2).
The microfluidic device was first pre-treated with 4% BSA for 10 min in vacuum and this
process also eliminates air within the channel. IL-6 capture antibody was mixed with polystyrene
particles in PBS for 10 min at RT. Unbonded IL-6 antibody was removed by rinsing in PBS and
then re-suspended in 100 mL PBS. IL-6 capture antibody coated beads were loaded at 1 µL/min
using a syringe pump while the acoustic was on for 5 min to introduce beads into the dead-end
side channel. IL-6 and biotinylated detection antibody in 4% BSA solution was loaded for 5 min
while the acoustic signal was on to ensure thorough mixing of the beads and IL-6. The chip is
then incubated at RT for 5 min. Unbonded IL-6 and detection antibody were removed by
flushing the microfluidic chip with 0.1% Tween 20 in PBS at 1 µL/min for 5 min with the
acoustic on. Neutravidin HRP in 4% BSA was loaded into the microfluidic chip with acoustic on
for 5 min and incubated for 5 min. After washing for 5 min with the acoustic on, HRP substrate
Amplex red was loaded with acoustic on for 5 min and is incubated for 5 min before detection.
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Figure 2.2. Optimization of fluorescent substrate incubation time (a), sample incubation time (b),
main channel flow rates (c), washing time (d).

2.3 Results and discussion
2.3.1 Design principles
A valid microfluidic beads-based ELISA method must be able to perform the key
procedures in the assay including target capture, beads washing, detector antibody/enzyme
binding, and enzymatic reactions. Moreover, to leverage the advantages of the beads assay
platform, the method should be able to agitate the beads while in incubation and work with small
size beads. Therefore, the first requirement for a microfluidic beads-based ELISA platform is to
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trap particles inside a microchannel. There are two major mechanisms of trapping particles using
acoustic waves in microfluidics. First, particles can be trapped by acoustic radiation force inside
a microchannel [26,27]. The distribution of acoustic pressure nodes and antinodes in the fluid
can trap particles statically in specific locations. These methods can only immobilize beads in a
fixed location, thus offering no advantages over magnetic based beads immobilization for beadbased immunoassay. Another mechanism of trapping particle is to employ acoustic streaming to
trap particles in vortex streamlines [28e31]. While this type of dynamic particle trapping has the
potential to achieve particle trapping and mixing simultaneously thereby fully leveraging the
advantages of bead-based assay, it is not stable and can be easily disrupted by convection flow in
microchannels. Based on Patel et al. s calculation, 5 µm particles can be released in a 500 µm
wide channel with a flow velocity that is just 1% of the streaming velocity [24]. To overcome
this limitation, we designed a T shape microfluidic channel with one inlet, one outlet, and a
dead-end side channel (Fig 2.1a). In the side channel, we fabricated a series of triangle structures
to generate localized microvortices when applying acoustic waves to the system. Because the
trapping sites are in a dead-end side channel, no direct convection flow will disrupt the trapping
of microparticles.
As particle trapping is achieved with the help of the T shape channel design, the next
design goal is to achieve active molecular exchange for target binding and beads washing while
maintaining the particle trapping. Active molecular exchange is usually problematic for a deadend side channel as it only allows for diffusion, which means extremely long time for reagents
exchange. Thus, it is impractical to perform the whole assay procedures with a platform that only
relies on passive diffusion. To achieve active molecular exchange between the main fluid
channel and the dead-end side channel, we take advantage of the same acoustic streaming that is
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used for particle trapping. Molecular exchange is accelerated by forming a single long-range
vortex that can actively transport molecules from the main channels to the side channel. Thus,
the fluid manipulation sequence in immunoassay can be achieved by simply changing the
reagent flowing in the main channel. Collectively, the T shape acoustic steaming device should
be able to fulfil all the requirements for a beads-based immunoassay including beads trapping,
beads/reagent mixing, and reagent loading/washing.

2.3.2 Generation of long-range acoustic streaming coupling
Acoustic streaming in microchannels can be induced by the absorption of acoustic waves at
a viscous boundary layer, such as channel walls, sharp edges, and air bubbles (Fig 2.3a). When
tracked using microparticles, streaming can be depicted as a vortex or a couple of counter
rotating vortices with closed streamlines. The closed streamlines limit the effect of acoustic
streaming within the close vicinity of the streaming structures. Thus, the classic form of acoustic
streaming cannot meet the design requirements discussed in the previous section. To achieve fast
molecular exchange between the dead-end side channel and the main fluidic channel, a longrange acoustic streaming that can cover the whole side channel is needed. In this work, we found
that when two neighboring microvortices have an overlap and rotate under the same direction,
the two vortices can be coupled into a large vortex (Fig 2.3b). The key factor in the streaming
coupling is the direction of vortex rotation. As shown in Fig 2.3c, when the two counter rotating
vortices were generated, the vortex coupling was not formed. The direction of the streaming
rotation can be controlled by fabricating asymmetrical sharp edges. When the tip of the sharp
edge points to the left, the rotation of the vortex is clockwise, and vice versa. By fabricating
repetitive sharp edges pointing to the same direction on the same side, a long-range vortex can be
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formed (Fig 2.3d). The uniformity of the long-range vortex can be further improved by
fabricating sharp edges on the opposite side of the channel with an orientation that rotates the
vortex in the same direction, causing them to be coupled and form a single long-range vortex that
covers the whole channel (Fig 2.3e). It should be noted that the symmetrical sharp edges that
have been used in many applications [21,23,25] before are not a good choice here. When a
symmetrical sharp edge structure is used, it could generate two counter rotating vortices on each
side the of the tip. As a result, a continuous coupled streaming cannot be formed as there is
always a counter rotating vortex in between two sync vortices.
We also examined if the coupling phenomenon can be further scaled up. By fabricating
repetitive sharp edges on side walls, we found that the long-range vortex can be easily extended
to cm range. For instance, Fig 2.3f showed a long-range vortex that covers 0.5 cm length of a
microchannel. The amenability to scaling up is especially advantageous to immunoassay
applications. Because it enables users to design relatively large incubation chambers in
microchips thereby allowing more beads trapping and target capture for low abundance
biomarkers.
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Fig 2.3. Generation of coupled acoustic streaming. Streaming was generated under a frequency of 95.1
KHz with power of 18.0 Vpp. Fluorescent particle (2 µm) is used for tracing the streaming patterns. (a) An
illustration of individual acoustic streaming vortex and coupled acoustic streaming with continuous
structures. (b) Coupled streaming generated by two structures that can generate individual vortex with the
same rotational direction. (c) Successful streaming coupling with syncrhonized vortices, and failed
streaming coupling caused by counter rotating individual vortex. (d) Coupled streaming generated by 6
structures on one side. (e) Coupled streaming generated by 12 structures from two sides. (f) A long range
coupled streaming covers a 0.5 cm long channel. Scale bars represent 100 µm.
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2.3.3 Rapid molecular exchange between the dead-end side channel and the main fluid
channel enabled by the coupled acoustic streaming
After establishing the long-range vortex in the side channel, we first characterized its
molecular exchange capability to determine whether it is sufficient for sample loading/ washing
in immunoassays. The long-range vortex occupies the whole side channel from the dead-end to
the intersection with the main fluid channel so that it can actively mix the whole side channel
almost instantaneously. Thus, the molecular exchange between the main channel and the side
channel can be modeled as the passive diffusion of molecules in the main channel to the adjacent
fluid layer in the side channel with an effective diffusion distance is infinitesimal. Hence, we
anticipate an enhancement in molecular exchange of fluid between the side channel and the main
channel when the acoustics is on. The key parameter in this process is the rate of the molecular
exchange. If it takes too long to replace the reagents in the side channel (e.g., >1 h), this method
will not be ideal for POC applications and lose the advantages of a bead-based assay. To study
the molecular exchange kinetics in the microchannel, we considered the problem as the diffusion
between two compartments with a 0-thickness membrane in between. Based on the Fick's
equation, the system can be described as:
(Ce – Ct)/(Ce – C0) = e-kt
where Ce, C0, and Ct are molecule concentrations in the side channel at equilibrium, time
zero and time t, respectively, and k is the rate constant. If we employ a fluorescent dye in the
system, and the concentration of the dye is proportional to the fluorescent intensity under the
experimental condition, the equation can be re-written as:
(Fe – Ft)/(Fe – F0) = e-kt
where Fe, F0, and Ft are the dye intensity in the side channel at equilibrium, zero time and
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time t, respectively, and k is the rate constant. After background subtraction, F0 is considered as
0. The fluorescence intensity can be described as:
Ft = Fe*(1 – e-kt)
In the experiment, we used a green fluorescent dye-fluorescein to trace movement of
molecules. We fixed our observation window at the end of the side channel, which should be the
last region to reach equilibrium with the main channel reagents. The distance between our
observation point to the main channel is ~0.5 cm. Once the acoustic waves were applied,
fluorescent images were recorded every 30s. Fig 2.4a showed a rapid of increase of fluorescent
intensity in the first 2 min, and reached a plateau at ~3.5 min, indicating a rapid molecular
exchange between the main channel fluid and the side channel. By fitting the experimental curve
with eqn (3), we obtained the value of k as 1.41 ± 0.14 min-1 (R2=0.9997). The rate constant here
implicates that ~99.6% of the dye molecules can be transported to the end of the side channel in
4 min, demonstrating a fast molecular exchange using our design. As a comparison, we also
studied the molecular exchange kinetics under different acoustic streaming patterns as well as
pure passive diffusion (Fig 2.4 b and c). For the device with discontinuous sharp-edge structures,
localized microvortices can be generated around each sharp-edge, but a long-range vortex cannot
be formed. Although this design can also accelerate molecular exchange in the side channel, the
overall rate is much slower than the long-range vortex design. The fluorescence intensity cannot
reach a plateau in the testing period (13 min). The decreased exchange rate is expected as
molecules cannot be transported to the end of the side channel effectively due to the lack of a
long-range vortex throughout the side channel. We also tested device without sharp-edge
structures, which can only generate streaming from the channel walls. This type of streaming
pattern has similar exchange kinetics as the design with discontinuous structures. In the last case,
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no acoustic waves were applied to the device so that the molecular exchange purely depends on
the passive diffusion to mix the whole 0.5 cm long side channel. The molecular exchange rate
was predictably the slowest, with no detectable fluorescence signals in the testing period. These
results demonstrated that the long-range vortex is not only effective and but also necessary to
reach an optimal molecular exchange rate for immunoassays.

Fig 2.4. Characterization of molecular exchange kinetics induced by the coupled acoustic streaming. a)
Fluorescence intensity at the end of the dead-end side channel vs. time of acoustic on. b) Fluorescence
intensity at the end of the dead-end side channel vs. time of acoustic on for different side channel designs.
For the structure that can generate coupled streaming shows the fastest exchange kinetics. Error bars
represent the standard deviation of 3 independent trials. c) Fluorescence images at the end of the side
channel over time. Scale bars represent 100 µm.
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We further examined the molecular transfer kinetics under different power input. For POC
applications, it would be desired that the device operates under a low power input. As shown in
Fig 2.5, an enhancement of molecular exchange can be achieved with a power input as low as 4.4
Vpp. The exchange kinetics increases as the power input increases as expected. The fluorescence
intensity reaches a plateau at ~3.5 min with a 13.1 Vpp power input, whereas it takes ~7 min to
reach a plateau with 6.2 or 8.9 Vpp. For a standard immunoassay that needs two loading/washing
cycles, it may take 30 min (including incubation time) to complete at 13.1 Vpp, and 45 min to
complete at 6.2 Vpp. Whether the extra assay time is acceptable or not will depend on specific
applications, but the working characteristic of this method provides users the flexibility of
balancing the power demand and assay time based on their needs.

Fig 2.5. Characterization of molecular exchange kinetics under a power input of 4.4, 6.2, 8.9, and 13.1
Vpp, respectively. The exchange rate increases as the power input increases. Error bars represent the
standard deviation of 3 independent trials.
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2.3.4 Particle trapping by the coupled acoustic streaming under a continuous flow in the main
channel
As we have demonstrated the rapid molecular exchange in a dead-end side channel using
coupled acoustic streaming, the next requirement for a bead-based immunoassay is to retain
particles in the side channel while fast molecular exchange is happening. As shown in Fig 2.3g,
the long range vortex can trap particles in its streaming lines under a static flow condition. Here
we examined if the trapped particles can withstand the shear stress from the main fluid channel
for molecular exchange. Since particle size will also affect the trapping performance, we chose to
use 2 µm particle in this experiment as its size is close to a popular commercially available beaddynabeads M280. In addition, to mimic the real fluid operation conditions, the main channel
flow rate is set as the same as the previous molecular exchange experiment (2 µL/min). The key
area we focused on is the intersection between main channel and the side channel where beads
are likely to be washed away by the convection flow. Fig 2.6 shows a series of images of particle
trapping at the intersection at different time points. Most particles were brought back to the side
channel by the vortex when they approached the intersection indicating that the long-range
vortex can overcome the convection flow and retain particles in the side channel. We also
performed particle counting by monitoring particles escaped from the intersection for 20 min to
quantitively determine the particle retention rate. An average of >85% of particle retention was
achieved. In addition, it is also possible to recycle the trapped beads after each experiment by
increasing the flow rate and main channel (e.g., 5 µL/ min). Collectively, we demonstrated our
acoustic based method can hold particles in place while allowing rapid molecular exchange for
immunoassay reagents manipulations. The acoustic based method does not simply immobilize
beads in the channel, instead it constantly flows beads in the chamber thereby leading to better
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beads/reagents mixing.

Fig 2.6. Stacked images showing the particle trace at the intersection between the main fluidic channel
and the side channel. The trace indicates particles can be brought back to the side channel by the coupled
acoustic streaming. The Main channel flow rate is 2 µL/min. Scale bar represents 100 µm.

2.3.5 Bead-based immunoassay using the coupled streaming acoustofluidic device
To validate our microfluidic chip design for immunoassay, we tested our device with a
standard beads-based immunoassay protocol. We employed biotin/streptavidin model to mimic
the antibody/antigen binding in an immunoassay. The assay includes all the major steps in a
standard immunoassay: 1) beads loading; 2) Alexa488 streptavidin loading and incubation; 3)
Washing for fluorescent detection. As shown in Fig 2.7a, biotinylated particles can be easily
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loaded into the dead-end side channel by the long-range acoustic streaming within 3 min. Once
the beads were loaded into the side channel, we changed the main channel reagents from beads
solution to Alexa-488 streptavidin. Fig 2.7b shows the successful introduction of Alexa 488
streptavidin to the side by the long-range vortex streaming. After incubating the particles for 15
min in the channel, the main channel solution was changed to PBS, and the long-range vortex
was used to wash out all the unbound Alexa-488 streptavidin in the side channel (Fig 2.7c). After
the washing step, biotinylated beads can be detected using fluorescence microscopy. As a control,
we also used BSA-only coated particles to run through the same protocol (Fig 2.7 d-f). In this
case, fluorescence signals of Alexa488 streptavidin were not detected in the end due to the lack
of binding target biotin. This device demonstrated its capability of performing all the necessary
immunoassay procedures and detecting the specific bindings from non-specific ones qualitatively
using one piezoelectric transducer. High bead density could potentially disrupt acoustic
streaming due to the acoustic scattering effects from the beads. Our current assay requires a bead
density of ~800/µL, so we studied the influence of this bead density on molecular exchange. As
shown in Fig 2.8, no major difference in molecular exchange rate between with and without
beads group, indicating that current bead density does not affect acoustic streaming in the side
channel.
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Fig 2.7. Microscopic images of a biotin/streptavidin-based immunoassay. a-c) Beads are modified with
biotinylated BSA so that streptavidin can be captured in the assay protocol, showing positive fluorescent
signal after washing. d-f) Beads are modified with BSA so that streptavidin cannot be captured in the
assay protocol, showing negative fluorescent signal after washing. Scale bars represent 100 µm.
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Figure 2.8. Comparison of molecular exchange rate between with and without beads in the side
channel.
2.3.6 Quantitative IL-6 detection using on-chip continuous flow ELISA
Finally, we tested the coupled acoustic streaming platform with a complete ELISA protocol
for quantitative detection of IL-6 biomarker (Fig 2.9a). Typical ELISA assay involves an
enzymatic reaction to amplify detection signal, which requires an isolated chamber for the
reaction and detection. In the present device, the dead-end side channel can serve as the isolated
chamber for the enzymatic reaction due to the extremely low degree of molecular exchange
between side channel and the main channel (Fig 2.4 b and c) when no acoustic streaming is
present. In addition, the coupled streaming can effectively maintain a uniform molecule
distribution in the side channel before and after washing (Fig 2.10 a&b). Therefore, this
acoustofluidic platform is compatible with the enzymatic reaction step without the need of any
physical isolation mechanism. IL-6 samples with concentration ranging from 50 pg/mL to 2000
pg/mL were prepared and tested. Samples, reagents and washing solution were introduced to the
side channel with the same fashion as discussed in the previous section. As shown in Fig 2.9b, a
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linear response within the tested concentration range was obtained between IL-6 concentration
and fluorescence intensity, demonstrating the quantification capability of this method. Limit of
detection (LOD) for IL-6 was then the determined to be ~50 pg/mL based on 6 independent
blank experiments. These results demonstrated the feasibility of using the coupled acoustic
streaming device to detect protein biomarkers with a complete ELISA protocol. In this assay, all
the sample/reagents loading and washing steps are carried out under the continuous flow
condition, which are compatible for fully automatic operations. By combining with a reagent
loading and switching pump, a complete ELISA protocol can be done with this method without
any manual operations.

Fig 2.9. a) Illustration of a complete on-chip ELISA protocol for quantitative IL-6 detection with the
coupled acoustic streaming device; b) Plot of concentration of IL-6 vs. the fluorescence intensity. Error
bars represent standard deviation of three independent replicates.
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Figure 2.10. a) Fluorescent images of before loading fluorescein solution, after loading
fluorescein solution, and after washing. b) Plot of fluorescence intensity of side channel before
loading fluorescein solution, after loading fluorescein solution, and after washing.
We herein demonstrate an effective acoustofluidic platform for complete on-chip beadbased ELISA assay. This platform allows to use non-magnetic particles for on-chip ELISA and
features unique advantages of small footprint, simple device setup, continuous flow operation,
and enhanced beads-reagent mixing, demonstrating great potential for multiplexing and
automatic immunoassay. Future efforts will focus on further improving the sample/reagent
utilization efficiency and detection sensitivity. Current protocol consumes ~5 µL sample and
antibody solution, which is 20-fold less than commercial ELISA. Considering the volume of the
dead-end side channel is ~0.4 µL, the reagent utilization efficiency for single side channel could
be further improved by implementing multiple side channels for replicate or multiplex trials. For
detection sensitivity, current commercial ELISA kit can achieve a LOD of ~1 pg/mL. To further
improve the detection sensitivity of the current method, we will focus on optimizing buffer
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systems, surface passivation protocols and sharp-edge structures. In addition, current system is
built upon the PDMS/glass hybrid material for highest acoustic streaming efficiency. For future
applications, it is also worth considering new device material such as plastics to make it more
commercial compatible, which will require systematic optimization of the acoustic design.

2.4 Conclusion
By exploiting a unique acoustic streaming coupling phenomenon, we developed a new
enabling methodology for on-chip bead-based ELISA. We demonstrated that the new platform
can perform complete ELISA protocol under continuous flow condition. This method is
especially valuable to POC applications. First, the footprint of this device is small, and the fluid
channel design is simple. It is amenable to integration with other functional units such as a
detection unit, and a pumping unit. Especially, acoustic pumping controlled by a cell phone
using the same type transducer as used in this worked has been achieved recently [32]. So, a
portable assay system that is only driven by acoustics can be expected. Second, the platform also
has great automation potential as it allows the whole assay to run in a continuous flow mode
without the need of sophisticated valves and flow control. Third, the cost of the whole system is
low. The transducers used here are commercially available and cost less than 50 cents per unit.
Because of the low frequency and low power requirement, the size and the cost of the acoustic
wave generator can also be scaled down significantly from the current form.
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Chapter 3. Vibrating Sharp-edge Spray Ionization (VSSI) for Voltage-Free
Direct Analysis of Samples using Mass Spectrometry
Abstract
Rationale
The development of miniaturized and field portable mass spectrometers could not succeed
without a simple, compact, and robust ionization source. Here we present a voltage-free
ionization method, Vibrating Sharp-edge Spray Ionization (VSSI), which can generate a spray of
liquid samples using only one standard microscope glass slide to which a piezoelectric
transducer is attached. Compared with existing ambient ionization methods, VSSI eliminates the
need for a high electric field (~5000 V·cm−1) for spray generation, while sharing a similar level
of simplicity and flexibility with the simplest direct ionization techniques currently available
such as paper spray ionization (PSI) and other solid substrate-based electrospray ionization
methods.
Methods
The VSSI device was fabricated by attaching a piezoelectric transducer onto a standard
glass microscope slide using epoxy glue. Liquid sample was aerosolized by either placing a
droplet onto the vibrating edge of the glass slide or touching a wet surface with the glass edge.
Mass spectrometric detection was achieved by placing the VSSI device 0.5–1 cm from the inlet
of the mass spectrometer (Q-Exactive, ThermoScientific).
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Results
VSSI is demonstrated to ionize a diverse array of chemical species, including small organic
molecules, carbohydrates, peptides, proteins, and nucleic acids. Preliminary sensitivity
experiments show that high-quality mass spectra of acetaminophen can be obtained by
consuming 100 femtomoles of the target. The dual spray of VSSI was also demonstrated by
performing in-droplet denaturation of ubiquitin. Finally, due to the voltage-free nature and the
direct-contact working mode of VSSI, it has been successfully applied for the detection of
chemicals directly from human fingertips.
Conclusions
Overall, we report a compact ionization method based on vibrating sharp-edges. The
simplicity and voltage-free nature of VSSI make it an attractive option for field portable
applications or analyzing biological samples that are sensitive to high voltage or difficult to
access by conventional ionization methods.

3.1 Introduction
Mass spectrometry is one of the most information-rich analytical techniques for
characterizing a broad range of samples. The past decade witnessed explosive growth in the
development of direct analysis and field portable mass spectrometers with the goal of bringing
the analytical capability of mass spectrometry to various field applications including
environmental monitoring, point of care diagnosis, chemical/biological warfare agent detection,
and forensic investigation.1-3 A key component for portable mass spectrometers is an ionization
source that can directly ionize the sample with minimum sample preparation and pretreatment.
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To date, numerous ambient ionization methods that allow direct sample ionization under
atmospheric conditions have been reported.4 However, most of the existing ambient ionization
methods including desorption electrospray ionization (DESI), easy ambient sonic spray
ionization (EASI), plasma-assisted desorption ionization (PADI), and direct analysis in real time
(DART) require dedicated and specialized instrumentation or auxiliary gas and solvents, making
them less favorable options for many field-portable mass spectrometry applications.5,6 Currently,
the most compelling ionization sources for portable mass spectrometers are paper spray
ionization (PSI)7 or solid substrate based electrospray ionization (ESI) (e.g., probe electrospray
ionization (PESI)8 ) due to their simplicity, minimal sample preparation requirements, and wide
range of suitable target molecules.6,

9, 10

These techniques have been utilized in many

applications including biofluid analysis, food sample analysis, and chemical reaction
monitoring.11-14
A major limitation of several state-of-the-art ionization methods for field portable analysis
is the requirement of a high-voltage (2-5 kv) to induce electrospray, which increases the external
equipment demand for portable applications, and incurs safety concerns regarding both operators
and living organisms as analytical samples.6 Here we report a voltage-free ionization method,
Vibrating Sharp-edge Spray Ionization (VSSI), based on mechanical vibration induced
nebulization of liquid samples. The new ionization source consists only of a microscope glass
slide (w × l = 25 × 60 mm) and a piezoelectric transducer (diameter = 27 mm) with a power
consumption as low as 150 mW (Fig 3.1a & b). Compared to other voltage free ionization
methods, such as sonic spray15 , EASI16 , zero-voltage paper spray ionization17, ultrasonic
ionization(UAI)18, and solvent assisted inlet ionization (SAII)19, VSSI is advantageous in terms
of simplicity and flexibility, and it enables in situ analysis through direct contact-based
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nebulization that is not possible with other voltage-free methods. With the new source, we have
demonstrated the successful ionization of various chemical species spanning a broad range of
molecular classes including small molecules, carbohydrates, peptides, proteins, and nucleic acids.
The experiments have been conducted in both positive and negative ionization modes.
Additionally, experiments employing the simultaneous operation of two VSSI sources to study
in-source protein denaturation through droplet mixing is demonstrated. Such experiments should
become widely accessible because of the low cost, simplicity, and zero electrical field
requirement of VSSI. Finally, we have demonstrated ionization of trace chemicals directly on
wet human fingertips by leveraging the contact-spray working mode of VSSI (Fig 3.1b), which
could otherwise face regulatory obstacles for point of care (POC) applications if using PSI or
other solid state ESI methods due to the safety concerns with the high voltage.

Figure 3.1. Schematic diagram of VSSI. a) On-substrate spray working mode of VSSI. b) In-situ directtouch working mode of VSSI. c) Real image of on-substrate direct spray. Frequency: 97.1 kHz; Voltage:
12.7 Vpp. d) Real image of direct-touch spray generation on damp cardboard. Frequency: 97.1 kHz;
Voltage: 18.0 Vpp. The contrast of images was enhanced to facilitate the visualization of fine droplets.
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3.2 Experimental Section
3.2.1 Materials and Device Fabrication
All solvents used in this work are LC/MS grade. Water and Acetonitrile were purchased
from Fisher Chemical (Optima). Acetaminophen, homocysteine, isoleucine, acetic acid, and
polyalanine peptide were purchased from Sigma-Aldrich. Ubiquitin was purchased from R&D
systems.
The VSSI device was made by attaching a piezoelectric transducer (7BB-27-4L0, Murata)
to one end of a No.1 microscope glass slide (VWR) using super glue (5-minute epoxy, Devcon).
The RF signal was generated using a Tektronix function generator (AFG1062) connected with an
amplifier (Krohn-Hite 7500). The droplet images for size measurement were taken using an
Olympus IX-73 inverted fluorescence microscope and analyzed using Image J (v1.51s).
3.2.2 Mass Spectrometry Analysis
All mass spectrometry experiments were carried out using an Orbitrap mass spectrometer
(Q-Exactive, ThermoScientific). For these experiments the resolving power was set at 7.0 × 104
for precursor ion analysis. The capillary inlet was maintained at 25 oC or 45 oC. Ion chronograms
were collected for varying times (~30 s to ~3 minutes). During the analysis, VSSI was either
hand-held or placed on a stage that is closed to the mass spectrometer inlet. The distance
between the tip of VSSI and MS inlet was ~0.5 - 1 cm. For continuous flow analysis, a syringe
pump (KDS scientific) was used to pump (5 µL/min or 20 µL/min) solution through a fused
silica capillary (polymicro) touching the edge of a VSSI source.
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3.3 Results and Discussion
In VSSI, the spray of liquid samples can be generated by adding a drop of liquid to the
edge of a vibrating microscope glass slide (Fig 3.1c, see also supporting video S1). The vibration
of the glass slide is induced by applying a RF signal to a piezoelectric transducer working at the
natural frequency of the system (~97 kHz). It is not uncommon to observe mechanical vibration
induced the aerosolization of liquids as demonstrated in many types of ultrasonic nebulizers.20-22
For ultrasonic nebulizers, the interaction between acoustic waves and liquid generates capillary
wave and cavitation effects on the liquid-gas interface, which subsequently causes the
detachment of liquid droplets from the body of the fluid. Unlike the classic phenomenon of
ultrasonic nebulization, it has been determined that the liquid spray of VSSI is solely generated
from the liquid touching the vibrating edge rather than the entire liquid-gas interface with a
voltage input between 12.7 and 30.6 Vpp (corresponding to 150- 1000 mW). In this power regime,
no spray is generated when the water droplet is placed near - but not touching - the edge of the
glass slide despite the observation of vibration of the water/air interface. When the power input is
increased further to 32.0 Vpp, liquid aerosolization from the entire liquid-gas interface is
observed, which matches the classic ultrasonic nebulization phenomenon.23 These results convey
the critical role of the vibrating sharp edge for the present nebulization phenomena at low power
inputs. Due to the high ionization efficiency of the sharp-edge, the power consumption (~150
mW) in VSSI is lower to other ultrasonic based ionization methods such as the UAI (~5 W)18
and surface acoustic wave nebulization (~2-4 W)24 . Although the exact physical process by
which the vibrating sharp-edge induces nebulization is still under investigation, it appears that
the high frequency vibration at the edge of the glass slide causes the detachment of small liquid
droplets from the bulk fluid, resulting in a continuous spray of water only at the sharp edge site
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of the glass slide. It can be speculated that the relatively high amplitude vibration at the edge
generates a strong streaming field in the thin layer of liquid at the edge thus shearing off droplets
from the edge. While microcantilever based nanomechanical sensing has been used to detect the
mass of molecules in mass spectrometry25, VSSI demonstrates the use of cantilever vibration for
ion generation.
Because of the unique sharp-edge based aerosolization mechanism, the VSSI also allows
for direct analysis of wet surfaces using mass spectrometry. This working mode is especially
useful to directly detect trace chemicals on sample surfaces, to aerosolize small amounts of fluid
that are difficult to retrieve using common laboratory techniques, or to perform imaging mass
spectrometry directly with a solid tip. For example, VSSI is shown to successfully induce liquid
spray from wet cardboard (Fig 3.1d). The new operational characteristics distinguish VSSI from
previous ultrasonic nebulization based ionization methods, such as ultrasound ionization (USI)
and surface acoustic wave nebulization (SAWN).

18, 26

VSSI enables sampling of target analytes

either on the device substrate or directly on the sample surface, while existing ultrasonic
ionization methods require the placement of a liquid sample onto a pre-defined acoustic wave
field. As the operation of VSSI does not rely on a well-aligned acoustic wave field, the technical
format of VSSI is much more flexible in terms of substrate geometry, material and surface
properties to suit different application scenarios.
The generation of ions by VSSI should follow an ESI-like process. Based on Dodd’s
theory27, droplets with net charges can be created due to microscopic fluctuations of ion
concentration. Therefore, in VSSI, a distribution of droplets ranging from net negative to net
positive charge is thus generated. In positive ion mode, ionization proceeds more readily with
desolvation (aided by the heated capillary) of the net positive charge droplets followed by droplet
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fission and finally either the charged residue or ion evaporation methods28 of ion production. It
should be noted that other ionization mechanisms for mechanical agitation based ionization have
also been reported. Chen et al. suggested a cavitation induced ion generation mechanism for their
ultrasound ionization source.18 Because, for VSSI, bubbles are not observed in the bulk solvent
at the time of droplet production from the sharp edge, it is unlikely that this mechanism is
operative here. Usmanov et al. ascribed an ultrasonic cutter induced ionization mechanism to the
stripping of the thin surface layer enriched by the surface-active ions caused by the cavitation .29
This is unlikely to be the case in VSSI as in Usmanov s work, sucrose, and large molecules like
insulin (mw~5.7 kD) cannot be ionized, while, in VSSI, sucrose and the relatively large molecule
ubiquitin (mw~8.5 kD) are readily detected, indicating a different ionization process. This is
especially evident when considering the drastic difference in the power input required for the
ultrasonic cutter induced ionization and VSSI (100 W vs. 0.15 W), respectively.
A brief comparison of VSSI with inlet ionization techniques is instructive. A number of
innovative inlet ionization techniques are shown to utilize the pressure differential across the MS
inlet as well as the heated inlet capillary itself to generate ions. Examples include matrix-assisted
ionization inlet (MAII)30, solvent-assisted ionization inlet (SAII)
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, zero-volt paper spray

ionization17 and droplet-assisted inlet ionization (DAII)31. VSSI is similar to these techniques in
that a heated inlet capillary is required to aid ion production and, because the overall process
involves the desolvation of microdroplets, VSSI ion production is more similar to the latter two
methods. A notable difference between VSSI and SAII is that, for VSSI, ions are not produced
even when placing the sharp edge of the substrate right at the MS inlet; however, upon vibrating
the glass slide, ions are readily detected. Additionally, unlike SAII but similar to DAII, VSSI can
produce droplets for analyte ionization from a location that is removed from the MS inlet insofar
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as the droplets can be subsequently directed into the inlet. Here, the difference with DAII is the
method of aerosolization where VSSI requires the vibration of a rigid substrate that contains a
very sharp edge. Admittedly, VSSI is currently likely to be less sensitive than SAII as some of
the analyte will be lost in droplets not entrained in the gas flow. Finally, it should be noted that,
for VSSI, SAII and DAII, the final stages of ion production are thought to be ESI-like in nature31.
That is, solvent evaporation and ion fission events ultimately result in the production of ions via
the charge residue or ion evaporation models. Therefore, ion production for such techniques is
similar to that experienced when employing ESI, PSI, SSI, and other spray/droplet-based
methods.
Droplet size is an important parameter in spray-based ionization methods as it is important
for both ionization efficiency and chemical processes occurring during ion production32-36. We
characterized the size distribution of droplets generated by VSSI and examined the factors that
could influence the size of such droplets. Droplets were collected using a petridish placed 20 mm
away from the edge of a glass slide. A drop of mineral oil was immediately applied after liquid
droplets reached the bottom of the petri dish to prevent further evaporation. The diameter of the
droplets was obtained by examination under a microscope. Pure water was sampled first, and the
average droplet diameter was 18 μm with a standard deviation of 5 μm using the 12.7 Vpp power
input (Fig 3.2a). An increase in the average droplet size was observed with increasing voltage
input. The average diameters for 19.8 Vpp and 26.8 Vpp were 22 ± 9 μm and 25 ± 6 μm,
respectively (Fig 3.2b and c). In addition to the voltage input, the solvent content also plays a
role in determining the droplet size generated by VSSI. Upon replacing the water sample with a
H2O:MeCN (1:1) mixture containing 1% HOAc, the average droplet size decreased from 18 ± 5
μm to 10 ± 4 μm (Fig 3.2d) under the same power input conditions. The droplet size obtained
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using H2O/MeCN solvent is on the same order of those in ESI which are 1-20 μm33, 37 but much
larger than the droplets in nanoESI. These results indicate that droplet size in VSSI can be tuned
by adjusting power input and solvent content, and thus optimized for specific applications and
target samples.

Figure 3.2. Size distributions of droplets generated by VSSI under different power input conditions and
for different solvent systems. a)-c) Liquid: water. Voltage: 12.7, 19.8, 26.8 Vpp, respectively. d) Liquid:
H2O:MeCN (1:1) with 1% acetic acid. Voltage: 12.7 Vpp. Number of droplets counted: >1000.

After demonstrating the spray generation capability of VSSI, its performance as an
ionization source for mass spectrometry analysis was investigated. For these experiments a series
of 1 mM solutions were made consisting of homocysteine, sucrose, polyalanine peptides, and
ubiquitin in H2O:MeCN (1:1) and 1% HOAc, respectively. For each solution, 20 µL of sample
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was added to the edge of a glass slide, and the spray was generated by applying a RF signal of
97.1 kHz and 14.4 Vpp to the piezoelectric transducer. The mass spectra were obtained using an
orbitrap analyzer (Q-Exactive, ThermoScientific) under positive ion mode and with a capillary
temperature of 25 oC.
The mass spectra shown in Fig 3.3 reveal the ESI-type ions produced by VSSI. Upon VSSI
of the homocysteine sample, a dominant peak is observed at m/z ~136 (Fig 3.3a). This peak
corresponds to [M+H]+ homocysteine ions. VSSI of sucrose ions produces a dominant feature at
m/z ~365 (Fig 3.3b) and corresponds with [M+Na]+ precursor ions. The polyalanine solution
produces a number of dominant features that are spaced apart by m/z ~71. These peaks
correspond to [Alan+H]+ ions (where n is 10 to 27). Upon VSSI of the ubiquitin sample, the +5 to
+13 charge states are observed as dominant features (Fig 3.3d). Such a spectrum is very similar
to that obtained upon ESI of this protein. Finally, Fig 3.3e shows the mass spectrum obtained
upon VSSI of a mixture of DNA duplex (CAAATTTG) with a DNA dye (Hoechst 33342) using
negative ion mode analysis. Dominant features are observed at m/z ~1203 and ~1755. These ions
correspond to doubly-charged ssDNA and triply-charged DNA duplex complexed with the DNA
dye Hoechst 33342. Overall, as shown in Fig 3.3, VSSI is able to efficiently ionize a number of
diverse molecules in either positive or negative ion mode.
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Figure 3.3. Mass spectra of a) homocysteine (1 mM); b) Sucrose (1 mM); c) polyananine peptides; d)
ubiquitin (1 mM); e) DNA duplex with Hoechst 33342. Sequence: CAAATTTG Solvent: H2O:MeCN
(1:1) mixture containing 1% HOAc. Capillary Temperature: 250 C

We further tested the sensitivity of VSSI using 1 μM of acetaminophen in water and 1%
formic acid solution. To better control the fluid delivery, we employed a syringe pump and a
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fused silica capillary (I.D. 75 μm) to deliver fluid to the edge of the glass substrate. Fig 3.4
shows the mass spectra averaged from ~1s collection at flow rates of 5 and 20 μL/min.
Acetaminophen ([M+H]+ ~152.07) was clearly detected at both flow rates. Under the 5 μL/min
flow rate, only ~100 femtomoles of acetaminophen is needed to generate a clear spectrum for
detection. A full characterization of LOD, linear dynamic range, and the impacts of solvent
composition and apparatus geometry on VSSI deserves a more thorough and systematic study in
the future.

Figure 3.4. Mass spectra of 1 µM acetaminophen at flow rates of a) 5 μL/min b) 20 μL/min. Solvent:
H2O:MeCN (1:1) mixture containing 1% HOAc. Capillary Temperature: 450 C

In addition to the diversity of suitable target molecules accessed by VSSI, another
attractive feature of VSSI is the capability to operate multiple sources simultaneously. Such an
approach would allow the probing of fast chemical processes by mixing the contents of different
droplets within the ion source region38-41. Compared to ESI-based spray, the zero voltage
characteristics of VSSI makes it convenient to operate multiple sources close to each other
without worrying about the potential of electrical breakdown (in the case of opposite polarity
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needles) or problems of greater nanodroplet repulsion (in the case of similar polarity needles). To
demonstrate the concept of droplet mixing, in-droplet denaturation of ubiquitin has been
demonstrated using two VSSI sources. 40 μL of a solution of ubiquitin in water was placed on
one source and 40 μL of MeCN (1% HOAc) was placed on the other source. The two sources
were positioned near the mass analyzer inlet as shown in Fig 3.5a. Source one was turned on first
to generate ubiquitin droplets for a time period of 4 s. Next, the second source was turned on to
generate MeCN droplets for which many are observed to combine with the droplets containing
ubiquitin. This in-droplet denaturation process was recorded in the mass spectrum shown in Fig
3.5b. Over the first 4 seconds of data acquisition, the major ubiquitin ions produced by VSSI are
the +7 and +8 states (Fig 3.5b). Overall the charge state distribution produced by VSSI extends
from the +5 to the +11 ions. Immediately after turning on the MeCN source, a significant
increase in higher (+9 to +13) charge states of ubiquitin ions is observed, indicating droplet
denaturation of ubiquitin (Fig 3.5c). The ability to mix droplets in such a manner may find utility
in a number of studies ranging from protein stability assessments to rapid, solution-phase
hydrogen deuterium exchange analyses42 .

57

Figure 3.5. In-droplet denaturation of ubiquitin by MeCN. a) Ion chronogram of two VSSI sources in
operation. At 3.04 min, the source with the ubiquitin in water droplet was turned on. After 3.11 min, the
second MeCN source was turned on to generate MeCN droplets for denaturation. b) Mass spectrum of
ubiquitin prior to turning the MeCN source on. d) Mass spectrum of ubiquitin immediately after turning
the MeCN source on. Capillary Temperature: 250 C

Finally, we demonstrated the potential of VSSI for direct ionization of compounds within
wet surfaces of living organisms. Although methods such as DESI and extractive electrospray
ionization (EESI), have been applied to detect trace chemicals on human skin43,

44

, the

requirement of sheath gas, solvent spray, and high voltage power supply makes it cumbersome
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for POC applications. In VSSI, trace surface chemicals can be detected simply by applying the
tip of the glass slide to the wet surface of targets. It is also a safe sampling procedure to living
organisms as there is no electric voltage applied to the tip. As shown in Fig 3.6 a and b, by
touching the tip of a vibrating glass slide to a wet finger, a spray of the liquid can be generated
(supporting information Video S2) in situ without the need of a sample transfer step. Direct
analysis of trace chemicals on human finger tips was then performed using an orbitrap mass
analyzer. First the amino acid, isoleucine, was used as the target molecule. The experimental
finger first touched <5 mg isoleucine powder, and 10 µL of water was then added to the fingertip.
After 1 min, the vibrating glass tip was applied to the wet finger, and a mass spectrum was
obtained under negative ion mode conditions (Fig 3.6c). Compared to a blank analysis (separate
finger as a negative control, Fig 3.6d), and the on-substrate VSSI of isoleucine solution (positive
control, Fig 3.6e), the trace amount of isoleucine on the fingertip was clearly detected with direct
VSSI analysis. In addition to this demonstration, a trace amount of red food coloring on a
fingertip was detected by VSSI using the same setup. Here red food dye mixture (Gel Food
Color, Wilton) was first diluted 100-fold, and a small drop was applied to the fingertip. After
wiping off the liquid with a paper towel, a red trace was observed on the fingertip surface. 5 μL
of water was then applied to the red trace and ionized by direct VSSI. A peak having a nominal
m/z of 835 was observed in the mass spectrum and corresponds with [M-2Na+H] - ions of the red
dye (erythrosine) as shown in Fig 3.6f. It should be noted that a well-defined droplet on the
surface is not necessary for direct VSSI. As shown in Fig 3.6b, a thin layer of liquid film is
sufficient to generate liquid spray from the sample surface. This unique ionization setup could be
especially useful in field applications that involve human as the analyzing targets such as
explosive analysis, illicit drug detection, point of care diagnosis, and forensic analysis. By
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coupling with a position controller, VSSI could also be used as tissue imaging interface for mass
spectrometry. Compared to existing mass spectrometry methods, VSSI could be advantageous
for in vivo imaging applications due to its compactness, capability of sampling non-flat surface,
and safety.

Figure 3.6. In-situ analysis of trace chemicals on human fingertips with VSSI. a) Image of a wet finger. b)
Direct spray generation from the wet finger with VSSI. c) Mass spectrum obtained from direct spray of a
finger exposed to isoleucine powder. d) Mass spectrum obtained from the direct spray from a finger not
exposed to isoleucine powder. e) Mass spectrum obtained from on-substrate direct spray of 1 mM
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isoleucine solution. f) Mass spectrum from direct spray of a finger stained with red food dye, erythrosine.
The mass analyzer was operated in negative ion mode for these analyses. Frequency: 97.1 kHz.
Amplitude: 12.7 Vpp. Capillary Temperature: 25 0 C.

In summary, we reported a new ionization method based on the method of a vibrating
sharp-edge of a glass slide termed VSSI. The method showed comparable characteristics to the
widely used PSI technique in terms of simplicity, compactness, and ease of use. Additionally,
like PSI, the materials used in VSSI are very affordable. The source consists only of a glass slide
(~20 cents each) and a piezoelectric transducer (~50 cents each). Moreover, the exposed glass
slide is easily cleaned thoroughly, and so the source is reusable. Thanks to the low frequency and
power requirements of VSSI, the signal generation equipment can also be easily miniaturized at
reasonable cost as demonstrated by many commercialized portable ultrasonic nebulizers. The
operation is also straightforward with minimum sample preparation requirements by simply
adding a liquid droplet on the edge of a glass slide or touching the wet surfaces of solid samples
with the glass tip. By eliminating the need of a high electric field to generate liquid spray, VSSI
provides better integration capability and portability, and enables new applications such as insitu analysis on living subjects. Finally, it is generally considered that the ionization efficiency is
lower for neutral spray than for electrospray due to less excess charges on droplets. In this work,
VSSI demonstrates that targets can be easily detected by consuming ~100 femtomoles of sample.
The ionization efficiency could be further improved by optimizing solvent components, the
interface to mass spectrometer and other operating parameters. Future work of VSSI will include
detailed investigation of the droplet generation mechanism, and development of interfaces to
liquid chromatography and imaging mass spectrometry.

61

3.4 References
[1] Hsu C-C, Dorrestein PC, Visualizing life with ambient mass spectrometry Current Opinion in
Biotechnology,2015;31(24-34.
[2] Clendinen CS, Monge ME, Fernandez FM, Ambient mass spectrometry in metabolomics
Analyst,2017;142(17):3101-3117.
[3] Ferreira CR, Yannell KE, Jarmusch AK, Pirro V, Ouyang Z, Cooks RG, Ambient Ionization
Mass Spectrometry for Point-of-Care Diagnostics and Other Clinical Measurements Clin
Chem,2016;62(1):99-110.
[4] Huang M-Z, Cheng S-C, Cho Y-T, Shiea J, Ambient ionization mass spectrometry: A tutorial
Analytica Chimica Acta,2011;702(1):1-15.
[5] Snyder DT, Pulliam CJ, Ouyang Z, Cooks RG, Miniature and Fieldable Mass Spectrometers:
Recent Advances Analytical Chemistry,2016;88(1):2-29.
[6] Klampfl CW, Himmelsbach M, Direct ionization methods in mass spectrometry: An
overview Analytica Chimica Acta,2015;890(44-59.
[7] Wang H, Liu J, Cooks RG, Ouyang Z, Paper Spray for Direct Analysis of Complex Mixtures
Using Mass Spectrometry Angewandte Chemie International Edition,2010;49(5):877-880.
[8] Kenzo H, Kentaro N, Kunihiko M, Daiki A, Shigeo S, Development of probe electrospray
using a solid needle Rapid Communications in Mass Spectrometry,2007;21(18):3139-3144.
[9] So PK, Hu B, Yao ZP, Electrospray Ionization on Solid Substrates Mass Spectrom
(Tokyo),2014;3(Spec Issue):S0028.

62

[10] Gómez Ríos GA, Pawliszyn J, Development of Coated Blade Spray Ionization Mass
Spectrometry for the Quantitation of Target Analytes Present in Complex Matrices
Angewandte Chemie International Edition,2014;53(52):14503-14507.
[11] Liu J, Cooks RG, Ouyang Z, Biological Tissue Diagnostics Using Needle Biopsy and Spray
Ionization Mass Spectrometry Analytical Chemistry,2011;83(24):9221-9225.
[12] Yan X, Augusti R, Li X, Cooks RG, Chemical Reactivity Assessment Using Reactive Paper
Spray

Ionization

Mass

Spectrometry:

The

Katritzky

Reaction

ChemPlusChem,2013;78(9):1142-1148.
[13] Lin C-H, Liao W-C, Chen H-K, Kuo T-Y, Paper spray-MS for bioanalysis
Bioanalysis,2014;6(2):199-208.
[14] Zhang Z, Cooks RG, Ouyang Z, Paper spray: a simple and efficient means of analysis of
different contaminants in foodstuffs Analyst,2012;137(11):2556-2558.
[15] Hirabayashi A, Sakairi M, Koizumi H, Sonic Spray Ionization Method for Atmospheric
Pressure Ionization Mass Spectrometry Analytical Chemistry,1994;66(24):4557-4559.
[16] Renato H, Regina S, N. EM, Desorption sonic spray ionization for (high) voltage free
ambient mass spectrometry Rapid Communications in Mass Spectrometry,2006;20(19):29012905.
[17] Wleklinski M, Li Y, Bag S, Sarkar D, Narayanan R, Pradeep T, Cooks RG, Zero Volt Paper
Spray Ionization and Its Mechanism Analytical Chemistry,2015;87(13):6786-6793.
[18] Wu CI, Wang YS, Chen NG, Wu CY, Chen CH, Ultrasound ionization of biomolecules
Rapid Commun Mass Spectrom,2010;24(17):2569-2574.
63

[19] Pagnotti VS, Chubatyi ND, McEwen CN, Solvent Assisted Inlet Ionization: An
Ultrasensitive New Liquid Introduction Ionization Method for Mass Spectrometry Analytical
Chemistry,2011;83(11):3981-3985.
[20] Kawashima Y, Yamamoto H, Takeuchi H, Fujioka S, Hino T, Pulmonary delivery of insulin
with nebulized dl-lactide/glycolide copolymer (PLGA) nanospheres to prolong hypoglycemic
effect Journal of Controlled Release,1999;62(1):279-287.
[21] Ari A, Jet, Ultrasonic, and Mesh Nebulizers: An Evaluation of Nebulizers for Better
Clinical Outcomes Eurasian J Pulmonol,2014;16(1):1-7.
[22] Flament MP, Leterme P, Gayot A, Study of the technological parameters of ultrasonic
nebulization Drug Dev Ind Pharm,2001;27(7):643-649.
[23] Khmelev VN, Shalunov AV, Golykh RN, Nesterov VA, Dorovskikh RS, Shalunova AV,
Providing the Efficiency and Dispersion Characteristics of Aerosols in Ultrasonic
Atomization Journal of Engineering Physics and Thermophysics,2017;90(4):831-844.
[24] Tveen-Jensen K, Gesellchen F, Wilson R, Spickett CM, Cooper JM, Pitt AR, Interfacing
low-energy SAW nebulization with Liquid Chromatography-Mass Spectrometry for the
analysis of biological samples Scientific Reports,2015;5(9736.
[25] Hanay MS, Kelber S, Naik AK, Chi D, Hentz S, Bullard EC, Colinet E, Duraffourg L,
Roukes ML, Single-protein nanomechanical mass spectrometry in real time Nature
Nanotechnology,2012;7(602.
[26] Huang Y, Yoon SH, Heron SR, Masselon CD, Edgar JS, Turecek F, Goodlett DR, Surface
acoustic wave nebulization produces ions with lower internal energy than electrospray
64

ionization J Am Soc Mass Spectrom,2012;23(6):1062-1070.
[27] Dodd EE, The Statistics of Liquid Spray and Dust Electrification by the Hopper and Laby
Method Journal of Applied Physics,1953;24(1):73-80.
[28] Konermann L, Ahadi E, Rodriguez AD, Vahidi S, Unraveling the Mechanism of
Electrospray Ionization Analytical Chemistry,2013;85(1):2-9.
[29] Usmanov DT, Hiraoka K, Wada H, Matsumura M, Sanada-Morimura M, Nonami H,
Gaseous ion formation by the cavitation occurred between aqueous solutions and the
ultrasonically vibrating blade studied by mass spectrometry International Journal of Mass
Spectrometry,2016;411(34-39.
[30] Li J, Inutan ED, Wang B, Lietz CB, Green DR, Manly CD, Richards AL, Marshall DD,
Lingenfelter S, Ren Y, Trimpin S, Matrix Assisted Ionization: New Aromatic and
Nonaromatic Matrix Compounds Producing Multiply Charged Lipid, Peptide, and Protein
Ions in the Positive and Negative Mode Observed Directly from Surfaces Journal of The
American Society for Mass Spectrometry,2012;23(10):1625-1643.
[31] Horan AJ, Apsokardu MJ, Johnston MV, Droplet Assisted Inlet Ionization for Online
Analysis of Airborne Nanoparticles Analytical Chemistry,2017;89(2):1059-1062.
[32] Wilm MS, Mann M, Electrospray and Taylor-Cone theory, Dole's beam of macromolecules
at last? International Journal of Mass Spectrometry and Ion Processes,1994;136(2):167-180.
[33] Wortmann A, Kistler-Momotova A, Zenobi R, Heine MC, Wilhelm O, Pratsinis SE,
Shrinking Droplets in Electrospray Ionization and Their Influence on Chemical Equilibria
Journal of the American Society for Mass Spectrometry,2007;18(3):385-393.
65

[34] Sobott F, Robinson CV, Protein complexes gain momentum Current Opinion in Structural
Biology,2002;12(6):729-734.
[35] Girod M, Dagany X, Boutou V, Broyer M, Antoine R, Dugourd P, Mordehai A, Love C,
Werlich M, Fjeldsted J, Stafford G, Profiling an electrospray plume by laser-induced
fluorescence and Fraunhofer diffraction combined to mass spectrometry: influence of size and
composition of droplets on charge-state distributions of electrosprayed proteins Physical
Chemistry Chemical Physics,2012;14(26):9389-9396.
[36] Benkestock K, Sundqvist G, Edlund PO, Roeraade J, Influence of droplet size, capillarycone distance and selected instrumental parameters for the analysis of noncovalent proteinligand complexes by nano-electrospray ionization mass spectrometry Journal of Mass
Spectrometry,2004;39(9):1059-1067.
[37] Smith JN, Flagan RC, Beauchamp JL, Droplet Evaporation and Discharge Dynamics in
Electrospray Ionization The Journal of Physical Chemistry A,2002;106(42):9957-9967.
[38] Jeong ES, Cha E, Cha S, Kim S, Oh HB, Kwon O-S, Lee J, Online Simultaneous
Hydrogen/Deuterium Exchange of Multitarget Gas-Phase Molecules by Electrospray
Ionization

Mass

Spectrometry

Coupled

with

Gas

Chromatography

Analytical

Chemistry,2017;89(22):12284-12292.
[39] Mark LP, Gill MC, Mahut M, Derrick PJ, Dual Nano-Electrospray for Probing Solution
Interactions and Fast Reactions of Complex Biomolecules European Journal of Mass
Spectrometry,2012;18(5):439-446.
[40] Miller CF, Kulyk DS, Kim JW, Badu-Tawiah AK, Re-configurable, multi-mode containedelectrospray ionization for protein folding and unfolding on the millisecond time scale
66

Analyst,2017;142(12):2152-2160.
[41] Mortensen DN, Williams ER, Theta-Glass Capillaries in Electrospray Ionization: Rapid
Mixing and Short Droplet Lifetimes Analytical Chemistry,2014;86(18):9315-9321.
[42] Rashid S, Overton S, Mazigh B, Mayer PM, Dual‐spray hydrogen/deuterium exchange
(HDX) reactions: A new method of probing protein structure Rapid Communications in Mass
Spectrometry,2016;30(13):1505-1512.
[43] Takats Z, Wiseman JM, Gologan B, Cooks RG, Mass spectrometry sampling under ambient
conditions with desorption electrospray ionization Science,2004;306(5695):471-473.
[44] Huanwen C, Shuiping Y, Arno W, Renato Z, Neutral Desorption Sampling of Living
Objects for Rapid Analysis by Extractive Electrospray Ionization Mass Spectrometry
Angewandte Chemie International Edition,2007;46(40):7591-7594.

67

Chapter 4. One-step enzyme kinetics measurement in 3D printed
microfluidics devices based on a high-performance single vibrating sharp-tip
mixer
Abstract
Measuring enzyme kinetics is of great importance to understand many biological processes
and improve biosensing and industrial applications. Conventional methods of measuring enzyme
kinetics require to prepare a series of solutions with different substrate concentrations and
measure the signal response over time with these solutions, leading to tedious sample preparation
steps, high reagents/sample consumption, and difficulties in studying fast enzyme kinetics. Here
we report a one-step assay to measure enzyme kinetics using a 3D-printed microfluidic device,
which eliminates the steps of preparing and handling multiple solutions thereby simplifying the
whole workflow significantly. The assay is enabled by a highly efficient vibrating sharp-tip
mixing method that can mix multiple streams of fluids with minimal mixing length (~300 μm)
and time (as low as 3 ms), and a wide range of working flow rates from 1.5 μL/min to 750
μL/min. Owing to the high performance of the mixer, a series of experiments with different
substrate concentrations are performed by simply adjusting the flow rates of reagents loaded
from three inlets in one experiment run. The Michaelis-Menten kinetics of the horseradish
peroxidase (HRP)-catalyzed reaction between H2O2 and amplex red is measured in this system.
The calculated Michaelis constant is consistent with the values from literature and conventional
analysis methods. Due to the simplicity in fabrication and operation, rapid analysis, low power
consumption (1.4 - 45.0 mW), and high temporal resolution, this method will significantly
facilitate enzyme kinetics measurement, and offers great potential for optimizing enzyme based
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biosensing experiments and probing many biochemical processes.
4.1 Introduction
Enzymes are biological molecules that significantly accelerate chemical reaction rates in
biological systems. Measuring enzyme kinetics facilitate the understanding many metabolic
processes in cellular systems and optimization of enzymes for biosensing and industrial
applications [1-4]. Enzyme kinetics is generally characterized by the Michaelis Menten equation
[5]. The Michaelis constant (Km) is defined as the substrate concentration at which the reaction
rate is half of the maximum. To measure the enzyme kinetics, initial reaction velocities (V0)
under a series of substrate concentrations are determined, and a representative curve showing V0
dependence on substrate concentration is plotted for Km measurement [6]. Conventional
enzymatic assays are mainly performed on a well-plate platform for simultaneous tracking of
multiple reactions [7]. While the well-plate platform is a widely used approach, it requires large
sample volume (~100 μL per well) and laborious sample preparation [8]. Due to the difficulty of
obtaining the kinetics of the early reaction phase, it is commonly used in slow enzyme reactions.
Fast enzyme reactions are usually studied by stop flow-based methods with high temporal
resolutions [9,10]. However, only one reaction to be studied at a time limits the throughput of
these methods. Thus, new methods to characterize enzyme kinetics with low sample
consumption, high temporal resolution and high throughput are desired.
Microfluidics is a promising platform to improve enzyme kinetics measurements due to its
unique capability of controlling small amount of fluid and solid with high temporal resolution
[11-13]. Strategies including multi-stream laminar flow [14-17], parallel reaction chambers [18],
droplet microfluidics [19-22], and micro-nanoparticles [23-25], have been reported for studying
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enzyme kinetics. These methods reduce the consumption of samples and reagents and improve
the study of fast enzyme reactions. However, these benefits are often achieved at the expense of
more complex experimental setups and procedures, and/or sophisticated microfabrication and
equipment, which limit their wide adoption by the biological community. For example, mixing
multiple reagents in a microfluidic channel under the continuous flow can be performed using
simple microchannels and equipment, but it requires preparing different concentrations of
reagents outside the chip and changing the reagents multiple times to complete the measurement,
resulting in the increase of consumption and experimental time [26]. Droplet microfluidics and
microchambers allow monitoring reactions in parallel with very small volume, but generating
droplets or microchambers containing different components or concentrations is not a trivial task,
which involves complex fluidics design and external control [13]. Because of the overly complex
on-chip reagent manipulation, many droplets and microchamber based methods still rely on
sample preparation procedures outside the microdevice. Therefore, despite the great promise of
using microfluidic devices for studying enzyme kinetics, the advantages are overweighed by
their complex operations and tedious sample preparation outside the chip.
Here, we report a 3D-printed continuous flow-based enzyme kinetics platform enabled by a
high efficiency active mixer based on a single vibrating sharp tip (Fig 4.1). This method allows
rapid and simple measurement of enzyme kinetics while maintaining the advantages of existing
microfluidic methods in low sample/reagents consumption and high temporal resolution. The
simplicity of this method is embodied in two aspects: 1) experiment operation and 2) device
fabrication. First, the series of solutions with different substrate concentrations required by the
Michaelis-Menten kinetics are all generated on-chip with minimal extra sample preparation steps
outside chip. To perform the measurement, the only required user input is adjusting the flow
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rates, which is fully programmable. Second, the fluidics design is simple, and the device is
fabricated using 3D printing. With the rapid development of 3D printing technologies in recent
years, using benchtop 3D printers to create microfluidic channels has become feasible for
research laboratories [27,28]. The use of 3D printing for microfabrication simplifies the device
making procedures, making it much more transferable to non-microfabrication experts.

Fig 4.1. Schematic of the one step enzyme kinetics measurement platform. A Pulled-tip glass capillary is
inserted into a 3D printed microfluidic channel through a side anchoring channel. A piezoelectric
transducer is employed to generate vibration on the sharp tip. The fluorescence signals of HRP enzymecatalyzed amplex red and H2O2 reactions are measured at channel downstream after fully mixing of the all
the reagents. By adjusting the flow rate ratio of the 3 inlets, a series of solutions with different substrate
concentrations can be prepared on-chip for enzyme kinetics measurement.
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Existing mixing methods for 3D printed microdevices including both active and passive
mixers require long mixing time (0.78 - 30 s), or high flow rates (100 2000 μL/min), which are
not suitable to adjust reagent concentrations on-chip for enzyme kinetics studies [29-37]. By
vibrating the glass capillary with a piezoelectric transducer, strong streaming is generated at the
tip of the capillary, which promotes the mixing of fluid inside the microfluidic channel. The
vibrating sharp-tip-based mixer can achieve high efficiency mixing with a mixing length of ~300
μm and a mixing time as low as 3 ms, which is ~two orders of magnitude improvement over
existing 3D printed mixers. This active mixer also allows a wide range of working flow rates
from 1.5 μL/ min (0.25 mm/s) to 750 μL/min (187.5 mm/s) with low power requirement (1.4245.0 mW). While several high efficiency mixers based on fast vibration have been reported in
conventional microfluidic devices including oscillating bubbles [38-40], membrane with
discontinuities [41] or sharp-edges [42-47], these mixing methods cannot be directly transferred
to 3D printed microdevices. For acoustic bubble-based mixers, it is difficult to maintain a stable
oscillating air bubble for long-term experiments. Controlling this type of bubbles will be even
more challenging in 3D printed microdevices due to the difficulty in fabricating high-resolution
structure to confine bubbles. For the vibrating membrane mixer, the incorporation of the
membrane with a hole will limit the fabrication flexibility. Sharp-edge based mixers rely on high
resolution sharp-edge structures and PDMS/glass hybrid channel to generate strong acoustic
streaming, both of which are not feasible for 3D printed devices.
Based on this high-performance mixer, enzyme kinetics can be measured within one
experimental run. We achieve a series of substrate concentration measurements by simply
adjusting the flow rate of reagents loaded from three inlets. We validated the performance of this
method by measuring the Michaelis-Menten kinetics of the HRP-catalyzed reaction between
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H2O2 and amplex red. The calculated Km is consistent with the literature values [15] and the
values we obtained using the well plate-based method. Because of the simplicity, low
sample/reagents consumption, and high temporal resolution of this method, we believe it has
great potential to be widely adopted by non-microfluidic researchers for many biochemical
applications.

4.2 Materials and Methods
4.2.1 Reagents
Poly (ethylene glycol) diacrylate (PEGDA, MW 250), phenylbis (2,4,6-trimethylbenzoyl)
phosphine oxide (Irgacure 819), fluorescein and hydrogen fluoride (HF) were purchased from
Sigma Aldrich (St. Louis, MO, USA). 2-nitrophenyl phenyl sulfide (NPS) was purchased from
TCI (Tokyo, Japan). Envy green polystyrene beads was purchased from Bangs Laboratories
(Fishers, IN, USA). Isopropanol (IPA) was purchased from Fisher Scientific (Pittsburgh, PA,
USA). Ultra-Ever Dry super- hydrophobic coating was purchased from Ultratech. Water was
purified using a Millipore purification system (Bedford, MA, USA).
4.2.2 Device Design and Fabrication
The microfluidic device was fabricated using an Asiga Pico2 HD 3D printer, which has an
LED peak wavelength of 385 nm, an X-Y plane resolution (pixel size) of 37 μm and a Z-axis
control of 1 μm. The printing material was prepared by mixing PEGDA with 0.5% (w/w)
Irgacure 819 and 0.5% (w/w) NPS, and then stirring for 30 min. NPS was used as an absorber,
which controlled the penetration depth of the incident light and enabled to print the
microchannels inside the chip [48]. The chip contained two/three inlets for reagent infusion, a
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main channel for mixing testing, and a side channel for glass capillary insertion. 3D structures of
the microfluidic devices were designed using SolidWorks. After the printing is completed, the
chip was immediately removed from the build plate and flushed with IPA to dissolve the
unpolymerized material inside the channels. The chip was then post-cured by exposure to UV
light (365 nm) for 5 min. To enhance the transparency of the device, the printed chips were glued
onto glass slides (VWR, Radnor, PA, USA) with epoxy glue (5-min epoxy, Devcon).
To fabricate the acoustic-activated glass capillary, a piezoelectric transducer (7BB-27-4L0,
Murata, Kyoto, Japan) was attached to one end of glass slide using epoxy glue, and a pulled-tip
glass capillary was fixed on the edge of the other end using glass glue (Loctite, Rocky Hill, CT,
USA). The pulled-tip glass capillary was either purchased from Tritech Research or made by
pulling capillary tubes (Drummond Scientific, Broomall, PA, USA) using a laser-based
micropipette puller (P-2000, Sutter Instrument, Novato, CA, USA). The dimension of the tip can
be adjusted by etching the tip with HF solution. The attachment configuration between the
capillary and the glass slide is to allow convenient insertion of the capillary to the microchannel,
while maintaining a minimal contact area to the glass slide. Specifically, the device was
assembled with a 30-degree angle between the capillary and the shorter side of the glass slide
with a distance to the corner ~5 mm.
To avoid the liquid leakage from the side channel, superhydrophobic coating was applied
to the inner surface of the side channel and the outer surface of glass capillary. An air powered
sprayer was used to spray the coating layers on the outer surface of glass capillary, and the inner
surface of side channel was coated by loading the reagents with pipette.
The whole device was assembled by inserting the glass capillary into the side channel, with
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the capillary tip protruding to the middle of main channel. The transducer was driven by a
Tektronix function generator (AFG1062) connected with an amplifier (LZY-22+, Mini-Circuits)
to generate high frequency vibration.
4.2.3 Characterization of Mixing Performance
Two syringe pumps (Fusion 200, Chemyx Inc., Stafford, TX) were used to infuse
fluorescein and distilled H2O through one inlet of the chip, respectively. The glass capillary was
vibrated by the piezoelectric transducer. To determine the optimal frequency for mixing, we
swept the excitation frequency from 10 kHz to 100 kHz in 100 Hz increment, and the fluorescent
signals in the channel were monitored using an Olympus IX-73 inverted fluorescence
microscope with a Hamamatsu sCMOS camera. To investigate factors that influence the mixing
performance, different flow rates, driving voltages and channel dimension were applied to this
system. Fluorescence signals were monitored and analyzed using Image J (v1.51s). Mixing
performance was then characterized by analyzing the mixing index, mixing time and mixing
length.
To test the generation of digital chemical waveforms, we applied a pulsing square
waveform to the transducer, with periods of 1 s, 2 s, 5 s and 10 s. The flow rate was set as 30
μL/min and the input voltage is 4.0 Vpp. Detection window was set at the downstream of the
glass capillary, and the fluorescent signal was monitored over time.
4.2.4 Enzyme Kinetics Measurement
To validate the accuracy of on-chip solution preparation, PBS buffer was injected from two
side inlets, and fluorescent resorufin was loaded from the center inlet. While one PBS buffer
flow rate was maintained at 5 μL/min, the flow rate of PBS on the other side was set at 0, 5, 10,
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15, 20, 24 μL/min. A series of resorufin flow rates at 25, 20, 15, 10, 5, 1 μL/ min were set
respectively to make the total flow rate constant at 30 μL/ min. The input voltage was set as 4.00
Vpp with a frequency of 95 kHz. After the acoustic signal was turned on, the fluorescent signal
was measured at the same position of downstream channel under different flow rate ratios.
For HRP enzyme kinetics measurement, H2O2 and amplex red were used as the substrates.
HRP was loaded from the right-side inlet with a constant final concentration of 0.01 U/mL [4952], and amplex red was loaded at the left-side inlet with a final concentration of 10 μM. For the
center inlet, H2O2 and amplex red were mixed and injected. The concentration of H2O2 was 10
μM and the amplex red concentration kept the same as left inlet. The flow rate of HRP was kept
at 5 μL/min during the entire experiment, and a series of flow rates of the H2O2 and amplex red
mixture at 1, 2.5, 7.5, 12.5, 20, and 25 μL/min were used. Then the flow rate of amplex red
provided from left-side inlet was set as 24, 22.5, 17.5, 12.5, 10 and 0 μL/min correspondingly to
maintain the total flow rate at 30 μL/min. The kinetics was studied by measuring the fluorescent
signal at different positions along the channel. The channel was designed with a dimension of
1000 μm in width, 500 μm in height and 8 cm in length (Fig 4.2). With a total flow rate of 30
μL/min, 80 s of kinetics trace for HRP enzymatic reactions was measured.
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Fig 4.2. 2D schematic graph of chip design and dimensions for enzyme kinetic study.
For standard comparison, we used the 96-well plate as the reference method to evaluate the
HRP catalyzed amplex red/H2O2 system. The reaction solutions for each measurement were
prepared with a total volume of 100 μL. HRP and amplex red were prepared with a final
concentration of 0.01 U/mL and 10 μM, respectively. H2O2 was prepared with a final
concentration of 0.4, 1, 3, 5, 10 μM. The mixed reaction solutions were pipetted into plate wells
within 20 s. Then the fluorescent signals were measured by a plate reader (MICROMAX 384,
HORIBA, Kyoto, Japan) every 30 s for kinetic studies.
4.3 Results and Discussion
4.3.1 Experimental Design for One-step Kinetics Measurement
Michaelis Menten equation is the most widely used model for measuring enzyme kinetics.
Taking the reciprocal of this equation is called Lineweaver-Burk equation, which can give a
graphical method for analysis [5]:
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where V is the initial rate, [S] is the initial substrate concentration, Vmax corresponds to
the velocity of the reaction when the active sites of the enzyme are saturated with substrate, and
the Km is the Michaelis constant which represents the effective affinity of an enzyme for its
substrate. The y-intercept of the graph is equivalent to the inverse of Vmax; the x-intercept of the
graph represents 1 /Km. To plot the Lineweaver-Burk equation, the relationship between 1/V and
1/[S] is needed, which is typically obtained by measuring the initial reaction rate (t = 0) for a
series of solutions with different substrate concentrations. To achieve a simple and low
consumption experimental procedure, all these sample preparations must be done on the chip,
which is often omitted by existing microfluidic methods. Therefore, we designed a three-inlet
microdevice for online preparation of solutions and subsequent kinetics measurement (Fig 4.3).
By adjusting the flow rate ratio of the solutions from different inlets, the allocation ratio of three
solutions in the main channel can be controlled accordingly, allowing to prepare enzyme reaction
solutions with different substrate concentrations. As shown in Fig 4.3, for the HRP model system,
inlet 1 and 3 are loaded with HRP and amplex red respectively, while inlet 2 is loaded with the
mixture of H2O2 and amplex red. Since the total flow rate from the three inlets and the HRP
(inlet 1) flow rate are kept as constant, the final concentration of HRP is maintained throughout
the experiment. The three-inlet instead of the two-inlet design is necessary to achieve constant
amplex red concentration and varied H2O2 concentrations in the channel. Because the input
concentrations of amplex red from inlet 2 and 3 are the same, the concentration of amplex red in
all the reactions will be constant regardless of the flow rate ratio between inlet 2 and 3. A series
of H2O2 concentrations can be generated by simply adjusting the flow rate ratio between inlet 2
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and 3. The concentration of H2O2 was calculated by CH2O2=(R2/(R1+R2+R3))*C0, where R1, R2,
and R3 are the flow rates from inlet 1, 2, and 3 respectively, and C0 is the original concentration
of H2O2 loaded from inlet 2. Fig 4.3 showed a sample calculation for the C0 = 10 μM, R1+R2+R3
= 30 μL/min, R1 = 5 μL/min. As the flow rate of inlet 2 is changed from 1 to 20 μL/ min, the
concentration of H2O2 was changed from 0.4 to 8 μM (Fig 4.3a c) accordingly. Thus, the on-chip
generation of multiple solutions with a simple channel design is possible. Because of the
simplicity in channel design, using 3D printing to fabricate the device is feasible. Next, to
achieve the one-step measurement of enzyme kinetics, an efficient mixing method that is
compatible with 3D printed microdevices is required.

Fig 4.3. On-chip generation of different H2O2 concentrations with a three-inlet design. Inlet 1 and 3 are
loaded with HRP and amplex red, respectively, while inlet 2 is loaded with the mixture of H2O2 and
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amplex red. The flow rate ratio of the three inlets was set as (a) R1:R2:R3 = 5:1:24, (b) R1:R2:R3 = 5:15:10,
(c) R1:R2:R3 = 5:20:5. R1, R2, R3 represent the flow rate from inlet 1, 2, 3 respectively.

4.3.2 Design and fabrication of active mixer integrated 3D-printed microfluidic chip
The key component for the whole system is a high-performance mixer that is compatible
with 3D printed devices. Thorough mixing in microfluidic channels requires efficient means of
disrupting laminar flows. Hu et al. reported using vibration objects to generate acoustic
streaming for particle trapping [53-55]. Later, Huang et al. report efficient microfluidic mixing
with microfabricated sharp-edge structures [42]. Here we utilize the strong streaming generated
by a vibrating sharp-tip to agitate fluids in microscale for mixing. Based on the simulation study
from Ovchinnikov et al. [56], streaming generated from a vibrating sharp-tip is a type of acoustic
streaming that is induced by the centrifugal force originated from the motion of the tip. Due to
the resolution limitation of current 3D printing techniques, it is impossible to fabricate highly
precise sharp-tips that can generate acoustic streaming efficiently inside the microchannels [57].
To overcome this limitation, we choose to use pulled capillary tips to generate strong acoustic
streaming. Using 3D printing, a pulled capillary tip can easily access microfluidic channels by
printing a side anchoring channel that matches the geometry of the capillary (Fig 4.4a). To
further prevent fluid leakage from the side channel, the outer surface of the pulled capillary and
the inner wall of the side channel are both covered with superhydrophobic coating. The whole
device was assembled by inserting the pulled-tip capillary into the side channel, with the tip
protruding to the middle of main channel (Fig 4.4b).
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Fig 4.4. Mixing of fluids by the vibrating sharp-tip mixer in a 3D-printed microchannel. (a) Vibration of
the sharp-tip generates strong micro-streaming inside the main channel, which leads to effective mixing
of two fluids; (b) A microscopic image of the sharp-tip inside the microchannel; (c) A laminar flow
profile was observed when the piezoelectric transducer was OFF; (d) Thorough mixing of water and
fluorescein solution when the piezoelectric transducer was turned ON; (e) Plots of normalized fluorescent
intensity across the width of channel; (f) Characterization of acoustic streaming pattern using fluorescent
microparticles.

To test the feasibility of the mixer, a pulled capillary with tip diameter of 20 μm was
assembled into the chip from the side channel. Water and fluorescein solution were infused into
the main channel from two inlets respectively, with a total flow rate of 1.5 μL/min. When the
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piezoelectric transducer was OFF, unmixed laminar flow was shown in the microchannel, with a
clear fluid interface (Fig 4.4c). When a 95 kHz frequency and 1.07 Vpp driven voltage was
applied to the transducer, vibration of the sharp-tip was induced by the transducer and generated
a strong streaming inside the channel. Effective mixing of water and fluorescein solution was
observed (Fig 4.4d). Uniform fluorescence signal was obtained at the downstream of the sharptip (Fig 4.4e), which demonstrated that the vibrating sharp-tip could indeed serve as a mixer for
3D printed microdevices.
Using fluorescent particles, we were able to depict streamlines generated by the vibrating
sharp-tip, which shows two symmetrical counter-rotating vortices (Fig 4.4f). This streaming
pattern is similar to the previously reported vibrating sharp-edge induced streaming [42]. A
notable difference is the significantly larger vortex generated in this work than the ones in
previous PDMS based sharp-edge structures. The diameter of the two vortices here is ~800 μm
with a voltage input of 2.00 Vpp, whereas ~200 μm diameter vortices were generated by the
PDMS structures in the previous work with a power input >6.00 Vpp for the same model
transducer [58], indicating that acoustic streaming generation is much more efficient with
vibrating glass sharp-tip than PDMS microstructures. In the current design, the glass sharp-tip is
not directly fabricated by the 3D printing process, but its footprint inside the microchannel is
maintained minimum (Fig 4.4b). The diameter of the tip is generally <30 μm, and the tip
protruding length is ~half of the channel width. Results showed that tips with ID of 10 μm and
20 μm performed similarly in terms of streaming velocity (Fig 4.5). The tip protruding point was
set at the center of the channel to maximize the coverage of the streaming in the channel. The
minimum footprint requirement in the microchannel reduces the interference of the mixer to
other functional units in the system, making it amenable to be incorporated into an integrated
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microfluidic device for enzyme kinetics studies.
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Fig 4.5. Relationship between amplitude and linear streaming velocity generated from sharp-tip
size of 10 μm and 20 μm separately, further increasement of amplitude will generate bubbles into
the system.

4.3.3 Characterization of mixing performance of single vibrating sharp-tip
We further characterize parameters of the mixer that are important to the enzyme kinetics
study, including the working flow rates, channel dimensions, and mixing time and length. First,
flow rate is important to continuous flow microfluidic enzymatic studies as it determines the
reaction time which is translated into the device footprint. For our design, it also affects the range
of allowed substrate concentrations. A mixer that can handle a wide range of flow rates is desired
for enzyme kinetics as different enzyme reactions may require different time scales and/or
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different concentrations ranges. In general, it is more challenging for active mixers to handle
high flow rates since it needs more external energy input to achieve effective mixing. Many
previous acoustic streaming-based mixers including the sharp-edge mixer and the oscillating
bubble mixer typically operate at flow rates of 1-30 μL/min [38,39,42,44]. Since the working
flow rates of the vibrating sharp-tip mixer are always dependent on the input power, we first
studied the influence of power input and flow rates on the mixing performance. We used mixing
index to quantitatively delineate the extent of mixing, which was calculated as the standard
deviation of the pixel intensities across a cross-section of a grayscale image [59]. A smaller
mixing index indicated a more uniform solution. A mixing index <0.1 can be considered as
acceptable mixing based on existing studies [42,60]. To elucidate the relationship between power
input and flow rates, we started with a very small overall flow rate (1.5 μL/min). At 1.5 μL/min,
it only required 1.07 Vpp (1.42 mW) input voltage to reach effective mixing (Fig 4.6a). When
increasing the voltage to 4.00 Vpp (20.0 mW), mixing was more evident (Fig 4.6b) and mixing
length decreased from ~400 μm to ~300 μm (Fig 4.6e). When the flow rate increased to 30 μL/
min, 1.07 Vpp input was no longer enough to generate effective mixing at 400 μm downstream
to the sharp-tip (Fig 4.6c), whereas 4.00 Vpp was still sufficient for completely mixing the two
fluids (Fig 4.6d and f). As shown in Fig 4.6g, at a fixed flow rate (30 μL/min), the mixing index
decreased as the input voltage increased, until reaching below 0.1, which indicated complete
mixing. Therefore, for a certain flow rate, the minimum required input voltage for thorough
mixing was determined as the lowest voltage which could lead to a mixing index below 0.1 with
a mixing time <1 s. Fig 4.6h showed the relationship between the minimum required voltage and
the flow rates for the glass sharp-tip mixer. As the flow rate increased from 1.5 μL/min to 195
μL/ min, the minimum required voltage increased from 1.07 Vpp to 6.00 Vpp (1.42 mW-45.0
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mW). Further increasing the flow rate to 750 μL/ min did not require a significant increase of the
voltage input. After measuring the actual flow rates of the system, we excluded the possibility of
system leakage causing this voltage plateau result. As shown in Fig 4.5, the relationship between
the streaming velocity and input voltage does not follow a linear relationship. There is a rapid
increase stage after input voltage ~5.5 Vpp, which overlaps with the voltage plateau region. In
this region, even a small increase of voltage could result in a large increase in streaming velocity.
Nevertheless, the important conclusion here is that by simply adjusting the input power, the
sharp-tip mixer can handle a wide range of flow rates from 1.5 μL/min to 750 μL/min. The
maximum required voltage is merely ~6 Vpp. The wide range of working flow rates enables this
mixer to be adopted to a wide range of enzymatic studies. In the current study, further increasing
flow rates requires the input voltage higher than ~6.5 Vpp, which could lead to air bubble
generation in microchannels. Despite that thorough mixing can be achieved for a short period of
time, the generation of bubbles renders the condition impractical for enzyme kinetics studies.
Therefore, to handle higher than 750 μL/min flow rates needs optimal protocols for preventing
bubble generation, such as completely degassing solutions or enhancing thermo dissipation. In
this work, all the solutions were used without special degassing procedures and experiments
were run at room temperature.
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Fig 4.6. Characterization of mixing performance of single vibrating sharp-tip at different flow rates and
input voltages. (a) Thorough mixing at flow rate of 1.5 μL/min and input voltage of 1.07 Vpp; (b)
Thorough mixing at flow rate of 1.5 μL/min and input voltage of 4.00 Vpp; (c) Incomplete mixing at flow
rate of 30 μL/min and input voltage of 1.07 Vpp; (d) Complete mixing at flow rate of 30 μL/min and input
voltage of 4.00 Vpp; Scale bars = 200 μm; (e) Mixing indexes at different positions along the
microchannel from the starting point at the flow rate of 1.5 μL/min; (f) Mixing indexes at different
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positions along the microchannel from the starting point at the flow rate of 30 μL/min; (g) Relationship
between mixing index and input voltage at a fixed flow rate (30 μL/min); (h) Relationship between the
minimum required voltage for complete mixing and the flow rates.

Next, we characterized the mixing time and mixing length of the sharp-tip mixer. For fast
enzymatic reactions, a minimal mixing time and length is required. Mixing length (L) is defined
as the distance between the last unmixed point to the first fully mixed point [42]. The distance is
determined by plotting the fluorescence intensity profile along the channel length from unmixed
to fully mixed regions. Mixing time (τ) is thus defined as:
τ = LWH/R

Where R is the volumetric flow rate, and W and H are the width and height of the main
channel respectively. For example, at the flow rate of 1.5 μL/min and a voltage input of 1.07 Vpp,
the mixing length is determined to be 203 (±11) μm, leading to a mixing time of 812 (±45) ms.
The mixing time and mixing length at a wide range of flow rates is summarized in Tables S-1.
As the flow rate increases, the mixing length shows a slight increase from ~200 μm to ~300 μm
(Fig 4.7a). The small mixing length is a typical characteristic for active mixers, which greatly
minimize the influence of adopting a mixing unit on the overall design of the microfluidic
system. Other than the mixing lengths, mixing time shows a clearer trend that it decreases as the
flow rate increases (Fig 4.7b). At the flow rate of 1.5 μL/min, the mixing time is 812 (±45) ms,
and when the flow rate increases to 135 μL/min, the mixing time sharply decreases to 13 (±1) ms.
The lowest mixing time achieved in this study is ~3 ms, which is one of the fastest active
microfluidic mixers to date.
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Fig 4.7. (a) mixing length and (b) mixing time as a function of the flow rates.

For measuring enzyme kinetics, one important parameter is the dimension of main channel
as it affects the concentration range that can be robustly generated in the microchannel. Here we
examine the performance of the mixer for wider channels, because wide channels may exceed
the range of acoustic streaming, rendering an incomplete mixing. Fig 4.8 shows the fluid mixing
in two microfluidic channels with different widths, 500 μm and 1000 μm, respectively. For both
microchannels, the mixing indexes at the downstream of the tips are below 0.1, indicating a
complete fluid mixing. Increasing the channel width doesn't require any special optimization of
the mixer to achieve a high performance. For extra wide channels, where a single sharp-tip may
not be adequate for a thorough mixing, multiple glass tips can be integrated to achieve uniform
mixing across the whole channel.
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Fig 4.8 Mixing performance of the vibrating sharp-tip mixer in channel width of (a) 500 μm and
(b) 1000 μm.

Finally, we tested the robustness of the sharp-tip mixer with fast chemical wave form
generation. The rapid on/off cycle pushes the mixer to its limit and could expose the robustness
issues after many cycles. To monitor the concentration fluctuation of chemicals, we used
fluorescein as the chemical and water as the dilute buffer. As shown in Fig 4.9a and b, we fixed
our detection window at the downstream of the sharp-tip, in the bottom half of the channel.
Periodic signals with periods of 1 s, 2 s, 5 s, and 10 s, respectively, were applied to the
transducer using a function generator. Fluorescence intensity alterations in the detection window
over time are shown in Fig 4.9. Clear periodic signal pattern can be observed in all frequencies
for at least 30 min. The rising edge of the chemical signal is very steep, and matches the input
signal well, indicating the highly efficient mixing process. The falling edge shows tailing
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phenomenon, which takes ~1 s to fall back to the baseline. The tailing effect is caused by the
relatively slow hydrodynamic washing process at the flow rate of 30 μL/min. To achieve higher
frequency chemical signals and reduce the tailing effect, higher flow rates, smaller channel cross
section or multi-sharp-tip design will be necessary.

Fig 4.9. Mixing of fluorescein and water with acoustic signal (a) OFF and (b) ON. The region of interest
(ROI) for the output waveform was chosen downstream of the tip, in the bottom half of the channel. Scale
bars = 200 μm. Generation of various chemical waveforms in the ROI with oscillatory periods of (c) 1 s,
(d) 2 s, (e) 5 s, and (f) 10 s. Red lines are the waveforms of input signals and black lines are the
fluorescence alterations along with time in the ROI.
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The parameters that we did not discuss in detail is the working frequency and the geometry
of the sharp-tip. For the working frequency, we find the sharp-tip works best in the frequency
range from 93 kHz to 99 kHz. The exact working frequency for each device could be slightly
different due to the geometry of the sharp-tip. In this study, we used the frequency that produced
the strongest streaming as the working frequency for each device. Tip geometry or sharpness
affects the efficiency of streaming generation. The sharper the tip, the stronger the steaming can
be generated under the same power input. In this study, we used a tip with a diameter of 20 μm.
We did not use the sharpest tip here, because extremely small tips are very fragile and need to be
handled with extra care. A tip with a diameter of 10-20 μm provides sufficient streaming
generation efficiency, while maintaining the robustness of the system.
4.3.4 Measuring Enzyme Kinetics of HRP-Amplex Red/H2O2 system
Finally, we combined our 3-inlet microchannel design with the vibrating sharp-tip mixer
for measuring enzyme kinetics in one step in a 3D printed device. We tested the platform by
measuring the kinetics of a common oxidase, HRP, which is widely used in biosensing
applications. Based on the working characteristics of the mixer and the requirement of enzyme
kinetics studies, the channel geometry is designed to be 1000 μm in width, 500 μm in height and
80 mm in length, which is an optimal combination for maintaining a small footprint and stable
mixing performance. Optimal total flow rate from three inlets was set as 30 μL/min, which
allows us to measure the kinetics trace of enzyme reactions for 80 s. We first examined the
accuracy of concentration generation with the three inlets design by adjusting the flow rate ratio
from different inlets. Resorufin solution was loaded via one of the inlets and PBS was loaded
from the other two inlets. Fluorescent signals after fully mixing were recorded following the
changes of flow rate ratios (RF/RT, RF is the flow rate of fluorescent resorufin, RT is the total
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flow rate). As shown in Fig 4.10, there was a linear relationship between the fluorescence
intensity and RF/RT (R2 = 0.999), indicating the successful control of sample concentrations by
simply adjusting the flow rates.

Fig 4.10. Linear relationship between the fluorescence intensity and RF/RT. RF is the flow rate
of fluorescent resorufin, RT is the total flow rate.

Next, we applied our platform to measure the kinetics of HRP for catalyzing the reaction
between H2O2 and amplex red, which generates a highly fluorescent product resorufin. HRP,
amplex red, a mixture of amplex red and H2O2 were loaded into the microchannel from the three
inlets, respectively. Throughout the experiments, the concentration of HRP and amplex red was
maintained at 0.01 U/mL, and 10 μL/min, respectively. By adjusting the flow rate ratio between
the H2O2 and amplex red inlets, a series of H2O2 concentrations (0.4-8 μM) were prepared onchip. The enzyme-catalyzed reaction was initiated after fully mixing the reagents on-chip and the
kinetics measurement was performed by monitoring the steady-state fluorescence downstream.
The concentration of the product at a given time point in the reaction progress was measured as
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the fluorescence intensity at the corresponding distance point (d), which was acquired by
microscopic fluorescence imaging. The reaction time (t) was calculated based on the equation t =
dWH/R, where W and H are the channel width and height respectively, and R is the total flow
rate. By recording the fluorescence intensity in the microchannel using a sCMOS camera, we
tracked the reaction progress over the time (Fig 4.11a). Initial rates of the reaction (V0) for each
H2O2 concentration were determined from the initial slopes of the progress curves. LineweaverBurk plot was then plotted based on the relationship between V0 and H2O2 concentration (Fig
4.11b). The x-intercept of the plot gives the Km, which was calculated as 1.36 μM. This value is
consistent with the value (Km = 1.55 μM) from literature [15] and the value (Km = 2.70 μM)
determined using standard 96 well plate kinetic analysis (Fig 4.12). Vmax was calculated as 1.05
μM/min which was determined from the inverse of intercept of Fig 4.11b. Compared to the
conventional 96 well plate method, our platform significantly reduced the reaction dead time,
from 20 s to 2 s, which is beneficial for kinetic study of fast enzyme reactions; the total reagent
consumption was decreased from 1000 μL to 200 μL. A series of kinetics data can be acquired
from a single device in a single experiment run, shortening the whole experimental time to 20
min.
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Fig 4.11. Enzyme kinetic study of HRP-amplex red/H2O2 system by 3D-printed microfluidic platform. (a)
Progress curves for HRP catalysis reaction at different H2O2 concentrations; (b) Lineweaver-Burk plot of
the reciprocal initial reaction rates obtained from (a) vs the reciprocal of the H2O2 concentration.
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Fig 4.12. Enzyme kinetics mesruement of HRP-amplex red/H2O2 system using a 96 well plate. (a)
Progress curves for HRP catalysis reaction at different H2O2 concentrations; (b) Lineweaver-Burk plot of
the reciprocal initial reaction rates obtained from (a) vs the reciprocal of the H2O2 concentration.

4.4 Conclusion
We report a highly efficient method for measuring enzyme kinetics using microfluidic
devices. The experimental and fabrication procedures greatly facilitate the adoption of this
method by non-experts. Since the solution preparation is achieved on-chip by controlling the
flow rates, the whole experiment procedure can be programmed to run automatically after
loading the syringe with stock solutions. The microchannel can be fabricated using a 3D printer
because of the simple channel design and high tolerance to fabrication variations. The convenient
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world-to-chip design enabled by 3D printed microfluidics makes inserting a sharp-tip directly to
microchannels possible. This method offers the high temporal resolution and reduces sample
consumption for enzyme kinetics measurement without sacrificing its simplicity, accessibility,
and ease of use.
In addition, the high-performance mixer reported here could find its utility in a wide range
of microfluidic applications. Compared to many existing acoustic based methods that vibrate the
whole device, focusing acoustic vibration just on the point of interest significantly increases the
energy efficiency as well as minimize unwanted acoustic effects on other parts of the system.
The modular vibrating sharp-tip design also makes the mixer independent on the channel
material. Channel material is critical for most of existing acoustic methods as it affects the
reflection and attenuation of acoustic waves. Since the present mixer does not rely on the
property of channel material, it will be especially suitable for 3D printed microfluidics as it
allows to work with a variety kind of resins currently available for 3D printing.
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Chapter 5. Microfluidic Continuous Flow DNA Fragmentation based on a
Vibrating Sharp-tip
Abstract
Fragmentation of DNA into short fragments is of great importance for detecting and
studying DNAs. Current microfluidic methods of DNA fragmentation are either inefficient for
generating small fragments or relying on microbubbles. Here we report a DNA fragmentation
method in a 3D-printed microfluidic device, which allows efficient continuous flow
fragmentation of genomic DNAs without the need of microbubbles. This method is enabled by
localized acoustic streaming induced by a single vibrating sharp-tip. Genomic DNAs were
fragmented into 700 to 3000 bp fragments with a power consumption of 142.3 mW. The system
demonstrated successful fragmentation under a wide range of flow rates from 1 to 50 µL/min
without the need of air bubbles. Due to the small footprint, continuous flow and bubble free
operation, and high fragmentation efficiency, this method demonstrated great potential for
coupling with other functional microfluidic units to achieve an integrated DNA analysis platform.

5.1 Introduction
Microfluidics has become an important platform for processing and analyzing the nucleic
acids owing to its capability of handling small volume of fluid, integrating multiple functional
units, and simplifying the overall analysis workflow12. For many applications involving DNAs,
such as next generation sequencing (NGS), microarray analysis, and epigenetic studies,
fragmentation is an important step to generate short fragments of DNAs to ensure efficient
amplification34.
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Typical strategies for fragmenting DNAs include enzymatic digestion, sonication,
nebulization, and hydrodynamic shearing. Enzymatic digestion utilizes restriction enzymes that
can cut the DNAs at specific sites. The process is efficient and can target specific sequences.
However, it is not desired for applications requiring fragments without bias5678910111213. Physical
fragmentation methods including sonication, nebulization, and hydrodynamic shearing are able
to generate fragments that are not dependent on specific sequences. Nebulization cuts DNA into
small pieces through the mechanical shear force generated from forcing DNA through the orifice
of a nebulizer1415. This process is straightforward to perform, but it is not compatible with
microfluidic systems16. Hydrodynamic shearing breaks DNAs by creating sudden change of flow
cross section to exert excess shear stress on the DNAs171819. Sonication based fragmentation is
based on the ultrasonic cavitation effect1920. When the small gas bubbles implode, the local high
temperature and pressure field lead to the generation of DNA fragments.
Both Hydrodynamic shearing and sonication have been adopted by the microfluidic system.
Berg et al. utilized the extensional strain forces generated by the acceleration of the DNA
solution near constriction entrances for breaking DNA into fragments with a sample
consumption of 10 μL and short fragmentation time (a few minutes). However, the size of the
fragments is limited to 6-10 kbp with a pressure requirement from 1-10 bar, and the maximum
flow rate allowed by this system is 18 µL/min21. Sonication-based fragmentation methods have
been reported to generate much smaller fragments. Merten et al. utilized the strong acoustic
energy generated from piezoelectric transducer coupled with cavitation bubbles to shear genomic
DNA into fragments22. Lu and coworkers fabricated crescent-shaped structures in microfluidic
chamber to enhance cavitation and acoustic streaming23. This method achieved fragments size
smaller than 500 bp, which is optimal for chromatin immunoprecipitation (ChIP) assay. While
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sonication-based methods can generate very small fragments, they generate microbubbles inside
microchannels, which is detrimental for many microfluidic applications. In addition, existing
sonication methods are not performed under the continuous flow. Therefore, they have not been
employed in integrated microdevices with multiple function units.

Collectively, to better

integrate microfluidc DNA fragmentation with downstream analysis still calls for a continuous
flow and bubble free microfluidic fragmentation method with good fragmentation efficiency.
Here we report a microfluidic DNA fragmentation method based on a single vibrating
sharp-tip (Fig. 5.1). The present method leverages the strong acoustic streaming generated
around a vibrating sharp-tip to shear the DNAs into small fragments. A vibrating sharp-tip is an
efficient way of generating acoustic streaming, achieving orders of magnitude higher streaming
velocity than conventional boundary driven acoustic streaming. It has been reported for a wide
range of applications including fluid mixing, pumping, cell lysis, particle trapping, microfluidic
ELISA, and enzyme kinetics measurement. However, it has not been demonstrated as an
effective method for DNA fragmentation to date. In this work, we developed a 3D printed
microfluidic device to anchor a pulled glass capillary. By vibrating the pulled glass capillary,
strong acoustic streaming can be generated in the microfluidic channel. Genomic DNAs were
fragmented to a size range of 700 to 3000 bp without the need of generating any microbubbles.
The present method demonstrated successful fragmentation of DNA sample under a continuous
flow with flow rates up to 50 µL/min. The small fragment size, bubble free and continuous flow
operation, and small footprint of this method make it a promising method to be coupled with
other functional units for integrated microfluidic DNA analysis.
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Figure. 5.1 Schematic of the vibrating sharp-tip DNA fragmentation platform. (a) A Pulled-tip glass
capillary is inserted into a 3D printed microfluidic channel through a side anchoring channel. The sharptip is vibrated by applying radio frequency signals to the piezoelectric transducer. The DNA
fragmentation occurs in the flow chamber. (b) A photograph representation of the assembled DNA
fragmentation device.
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5.2 Materials and Methods
5.2.1 Reagents
Fluoresbrite plain YG 10.0 micron microspheres was purchased from PolyScience
(Warrington, PA, US). Tris-borate-EDTA (TBE), 10X solution, agarose (BP1356-100),
Isopropanol (IPA) were purchased from Fisher Scientific (Pittsburgh, PA, USA). Poly (ethylene
glycol) diacrylate (PEGDA, MW 250), phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide
(Irgacure 819), human male genomic DNA were purchased from Sigma−Aldrich (St. Louis, MO,
USA). 2-nitrophenyl phenyl sulfide (NPS) was purchased from TCI (Tokyo, Japan). Ultra- Ever
Dry super-hydrophobic coating was purchased from Ultratech. Water was purified using a
Millipore purification system (Bedford, MA, USA). Generuler 1kb plus DNA ladder was
purchased from Thermo Fisher Scientific.
5.2.2 Device design and fabrication
To fabricate microfluidic chip, 3D structures were first designed using SolidWorks. Then
the device was printed using an Asiga Pico2 HD 3D printer with an X-Y plane resolution (pixel
size) of 37 μm and a Z-axis control of 1 μm. The light source wavelength is 385 nm. A mixed
PEGDA with 0.5% (w/w) Irgacure 819 and 0.5% (w/w) NPS were prepared and stirred for 30
min as the printing reesin. An absorber NPS was used to control the penetration depth of the
incident light and print the microchannels inside the chip24. After printing was complete, the
device was removed immediately from the printing tray and washed by IPA for dissolving
unpolymerized material inside the channels. After a post-exposure process under UV (365 nm)
for 5 min, the device was glued onto a glass slide (VWR, Radnor, PA, USA) using epoxy glue
(5-minute epoxy, Devcon) for enhancing the transparency of the device. The device design
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includes two inlets for reagent infusion, a side channel for glass capillary insertion, and a main
chamber with a dimension of 5×6×0.5 mm for DNA fragmentation activation.
The acoustic-activated glass capillary was fabricated with a piezoelectric transducer (7BB27-4L0, Murata, Kyoto, Japan) and a pulled-tip glass capillary fixed to a glass slide. To
maximize the streaming efficiency, the capillary was fixed to the glass slide with a 30-degree
angle between the capillary and the shorter side of the glass slide with a distance to the corner ~5
mm, and the tip was protruded to the center of the chamber allowing the intact streaming to be
covered in the active region. The pulled-tip glass capillary can be made by pulling capillary tubes
(Drummond Scientific, Broomall, PA, USA) using a laser-based micropipette puller (P-2000,
Sutter Instrument, Novato, CA, USA) or purchased from Tritech Research for customized tip
size requirement. Then the pulled-tip glass capillary can be fixed on the edge of one end of glass
slide using glass glue (Loctite, Rocky Hill, CT, USA) with a 30-degree angle between the
capillary and the shorter side of the glass slide with a distance to the corner ~5 mm. The other
end of the glass slide was attached with the piezoelectric transducer using epoxy glue.
To assemble the whole device by inserting the glass capillary into the side channel, a
superhydrophobic coating between the inner surface of the side channel and the outer surface of
glass capillary was applied for avoiding any liquid leakage from the side channel. The coating
process can be finished by loading the reagents to the side channel wall and glass capillary
outside with pipette. For acoustic signal generation, a Tektronix function generator (AFG1062)
connected with an amplifier (LZY-22+, Mini-Circuits) was used for driven the piezoelectric
transducer.
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5.2.3 DNA sample preparation, collection, and gel electrophoresis
The human male genomic DNA was diluted in TBE buffer and loaded to micro device
from inlet by syringe pump (Fusion 200, Chemyx Inc., Stafford, TX) for further detection. After
the sample fragmentation process, a fixed volume of sample determined by gel electrophoresis
testing requirement was collected from the outlet of the device by using a pipette and analyzed
on 1% agarose gel. The instrument used for gel electrophorese is MyGel Mini Electrophoresis
System from Accuris Instruments, and the DNA samples were separated under 50 V for 1 hr.
The result was read by ChemiDoc MP system. The size of the bands was determined using 75 –
20,000 bp DNA ladders.
5.2.4 Characterization of DNA fragmentation performance
A syringe pump was used to infuse the human male genomic DNA sample through the inlet
of the device. The acoustic streaming was generated from the glass slide vibrated by
piezoelectric transducer. In order to characterize the influence of different input voltages on the
fragmentation performance, a series voltage of 4.00, 5.33, 6.67, 8.00, 9.33, 10.67, and 12.00 Vpp
were applied to the system. With the acoustic signal supplied from generator, the fragmentation
process began along with the acoustic streaming generated from vibrating sharp-tip. After the
fragmentation process finished, the fragmented samples were collected using a pipette for further
gel electrophoresis detection.
To test the minimum voltage requirement for different flow rate range from 2 µL/min to 50
µL/min, the DNA samples were fragmented and collected under a series input voltage ranging
from 6.67 Vpp to 24 Vpp for each flow rate. Then, from all the fragments electrophoresis result for

109

different voltage, the voltage achieving the fragment size below 1000 bp was chosen as the
minimum voltage requirement for that specific flow rate.

5.3 Results and Discussion
5.3.1 DNA fragmentation by a vibrating sharp-tip
We hypothesized that the strong acoustic streaming induced by a vibrating sharp-tip can be
utilized to break DNA into small fragments in microfluidic channels. With the rapid
development of 3D printing technologies, using a 3D printer to fabricate microfluidic devices has
become increasingly accessible to laboratories that do not have the expertise or resources to
perform conventional microfabrication procedures. Therefore, in this work, we aimed to achieve
DNA fragmentation using 3D printed microdevices for better adoption of this method by the
broader community. Conventional microfabricated sharp-edge structures cannot be fabricated
with current 3D printing method due to the limitation of printing resolution. Here, we combined
a pulled capillary with a 3D printed microdevice to generate acoustic streaming (Fig 5.1a). The
pulled capillary was glued onto a glass slide on which a piezoelectric transducer was attached.
The pulled capillary device was coupled to the main microfluidic channel via a 3D printed side
anchor channel. The inner wall of the side channel and the outer surface of the pulled capillary
were both coated with superhydrophobic coating to prevent fluid leakage from the main channel.
The streaming pattern generated by the vibrating sharp-tip was studies using 10 μm diameter
fluorescent beads (Fig 5.2a). After loading the fluorescent beads into the main fluidic channel, a
RF signal of 95 kHz and 2.67 Vpp was applied to the piezoelectric transducer to vibrate the pulled
capillary with a tip OD ~ 20 µm. As shown in Fig 5.2b, strong acoustic streaming can be
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generated with as two symmetrical counter-rotating vortices. The streaming velocity increases as
the increase of input power. To test the if the acoustic streaming induced the vibrating sharp-tip
can cause DNA fragmentation, 100 nM genome DNA solution was introduced into the
microfluidic channel at a flow rate of 1 µL/min. The input power was set at 6.67 Vpp. The
collected solution was examined using electrophoresis. As shown in Fig 5.3b, after passing the
acoustic streaming chamber, the genome DNAs were cut into small pieces ranging from 7005000 bp, demonstrating the successful fragmentation by the vibrating sharp-tip induced acoustic
streaming. When the long chain DNAs entered the vortex region, they were exposed to excessive
hydrodynamic shear because of the acceleration of the DNA molecule in the vortex. Due to the
stretching on the molecule from this extensional strain forces created by the acceleration around
streaming region, the DNA could break into fragments. Notably, the present method achieved
effective DNA fragmentation without the present of microbubbles or the cavitation effect,
whereas existing sonication-based methods all rely on microbubbles. We further examined if
microbubbles would affect the performance of the present device. We prepared two identical
microdevices (device a and device b) with the same device dimension, geometry, and sharp-tip
size. The only difference between the two devices is whether the bubbles are present or not. For
device a, the DNAs were fragmented under different voltage inputs under a flow rate of 1
µL/min. For device b, air bubbles were induced to the microchamber before experiment by using
pipet. Two separate bubbles with different size were induced at two corners of the chamber. The
radius of the bubbles were about 1.5 mm and 0.5 mm respectively and were introduced at the
upper left and lower right corners of the chamber. Three input voltages of 2.67, 6.67, and 13.33
Vpp were selected to be applied to each device for distinguishing the effects of bubbles and no
bubbles on the system. After the same experiment duration, the samples were collected in the
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same volume for electrophoresis detection. As shown in the Fig 5.4, the fragmentation results
from the two devices were similar regardless of the presence of bubbles. This result confirmed
that the performance of the vibrating sharp tip method is independent of the presence of bubbles.
The acoustic streaming induced by a vibrating sharp-tip is highly localized. It is unlikely to
induce strong cavitation effects or bubble streaming, which could explain that the present of
bubbles did not enhance or reduce the device performance. Notably, introducing gas bubbles is
highly undesired for many microfluidics applications. Compared with existing sonication
methods, the vibrating sharp-tip is more advantageous for integrated microfluidic system as it
allows bubble-free operation.

Fig. 5.2 (a) An illustration of acoustic streaming vortex with inserted sharp-tip. (b) Generation of acoustic
streaming by the vibrating sharp-tip in a 3D-printed microchamber. Streaming was generated under a
frequency of 95 kHz with voltage of 2.67 Vpp. Fluorescent microbeads (10 µm) are used for tracing the
streaming patterns. Ɩ represented the length of the microbeads movement along with streaming trace at
different streaming layers in a specific time period.
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Fig. 5.3 (a) An illustration of the DNA fragmentation workflow. DNA sample was loaded from top inlet
and collected at bottom outlet after passing through the acoustic fragmentation chamber. (b) Gel
electrophoresis of DNA fragments after fragmentation under flow rate of 1 µL/min, voltage of 6.67 Vpp.
A fragments distribution at 700-5000 bp was observed after fragmentation process.
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Fig. 5.4 Influence of bubbles on DNA fragmentation working mechanism. Gel electrophoresis of DNA
fragments after fragmentation without bubbles (device a in the left) and with bubble (device b in the right)
induced to the microchamber. The voltage applied to the fragmentation system are 2.67, 6.67, and 13.33
Vpp for both of the devices with/without bubbles.

5.3.2 The relationship between input power voltage and the size of DNA fragments
As shown in Fig 5.5, the size of fragments changed as the input voltage increases,
indicating that the present method could offer some tunability of the fragment size. The direct
result of increasing the input voltage is the increased streaming velocity, which is expected to
increase the hydrodynamic shear for DNA fragmentation. First, we studied the relationship
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between input voltage and the streaming velocity. 10 µm fluorescent particles were used to
visualize the acoustic streaming. Videos were taken using an inverted microscope with a frame
rate of 30 fps. The streaming velocity was then determined by measuring the displacement of the
fluorescent particles between frames. For different input voltages, the particles were all selected
at a fixed location. As shown in Fig 5.5a, the streaming velocity increased as the increase of
input voltage from 4.00 to 10.67 Vpp. Within the full voltage range, the relationship between the
streaming velocity is not linear. At low voltages, the increase of streaming velocity with respect
the increase of voltage was slow. For voltages above 6.67 Vpp, a near linear relationship was
observed. Based on this result, we further examined DNA fragment size under various input
voltages using gel electrophoresis (Fig 5.5b-c). In this experiment, DNA samples were
introduced the vibrating sharp-tip under two different flow rates of 1 µL/min and 10 µL/min,
respectively. The input voltage was applied from 2.94 Vpp to 12.00 Vpp. Under the flow rate of 1
µL/min, a clear decrease of fragment size as the increase of voltage was observed. At 2.94 Vpp,
the size range of fragments is from 2000 to 7000 bp, while some original genome DNAs can still
be seen. As the voltage increased to 6.67 Vpp, the size range shifted to 1000 to 5000 bp, and all
the genome DNAs were fragmented. Further increasing the voltage to 10.67 Vpp lead to the
smallest fragment sizes from 700 to 3000 bp. Increasing the flow rate to 10 µL/min lead to the
decrease of fragmentation efficiency. This is expected as the convective flow in the main fluidic
channel suppresses the acoustic streaming. With same voltage at 10.67 Vpp, the fragment size
was observed 700 – 3000 bp for 1 µL/min and 1500-5000 bp for 10 µL/min, respectively. The
typical size range for the present device is from 700 to 5000 bp. This range is particularly
important for PCR based or direct DNA analysis methods. Because in PCR based DNA
specificity study, the primers required for PCR process locates at the fragment distribution of
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100-2500 bp, thus the fragments generated from this report system can fit for these varies size of
primers. For examples, Leishmania kDNA used for monitoring new leishmaniasis treatments
ranged at 700 bp25; new primers N524 used for 12S ribosomal DNA sequencing ranged at 1000
bp26; single ALU primer for the amplification of sequences range at 150 – 3000 bp27. In addition,
the size tunability of this method also facilitates the integration of this method with different
sequencing technologies. For sequencing methods with short read length, high input voltage is
preferred to generate smaller fragments. Low voltage will lead to large fragments, which can
meet the need of emerging long read length sequencing platforms (e.g., nanopore sequencing).
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Fig. 5.5 Fragment size characterization in DNA fragmentation performance based on input voltage. (a)
Relationship between acoustic streaming velocity and input voltage induced to the fragmentation system.
(b) Gel electrophoresis for fragment size difference with voltage range 2.94 – 9.33 Vpp under flow rate of
1 µL/min. (c) Gel electrophoresis for fragment size difference with voltage range 2.94 – 12.00 Vpp under
flow rate of 10 µL/min.
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5.3.3 Study of flow rates for a single vibrating sharp-tip device
As shown in Figure 5.5 b and c, the DNA sample flow rate affects the fragmentation
performance as the main sample flow suppresses the acoustic streaming. Practically, higher flow
rates are preferred for high throughput applications, whereas low flow rates are for samples with
limited volume. Here we studied the range of working flow rates for the present method.
Generally, a higher DNA flow rate requires an increase in voltage to achieve the same
fragmentation effect. Therefore, we expected an upper limit flow rate for the present system
before the breakdown of the piezoelectric transducer and/or the generation of gas bubbles. Fig
5.6 showed the relationship between the DNA sample flow rate and minimum input voltage. The
minimum input voltage is defined as the voltage that can generate DNA fragments below 1000
bp. This fragment length was selected because a wide range of applications including DNA
hybridization and sequencing are suitable in this range. As the flow rate increased from 2
μL/min to 50 μL/min, the minimum required voltage increased from 6.67 Vpp to 21.33 Vpp. For
flow rates higher than 50 μL/min, higher input voltages are needed. However, as the voltage
approached the limit of the transducer (30 V), the system became unstable for long term
operation. Therefore, the highest throughput for the present device is 50 μL/min. For applications
that require even higher throughput, employing multiple sharp-tip may be necessary.
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Fig. 5.6 Relationship between the minimum required voltage and the flow rates for acoustic based DNA
fragmentation.

5.4 Conclusion
The fragmentation of DNA is a critical step for many biological applications. We have designed
and fabricated an efficient acoustic streaming-based method for DNA fragmentation inside a
micro channel. The microdevice first achieved DNA fragmentation in 3D printed microfluidics
with simple fabrication and operation. The hydrodynamic shearing force for DNA fragmentation
was generated from acoustic streaming induced by the vibrating sharp-tip protruded in the flow
chamber. The size distribution of DNA fragments decreases with the increase of input voltage
under a continuous flow. Compared to the existing microfluidic DNA fragmentation methods,
this system is more amenable to be integrated with other functional units of a microfluidic
system. Future work will focus on the integration of this fragmentation method with on-chip
DNA analysis units in 3D printed microdevices.
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Chapter 6. Closing Remarks and Future Outlook
Several microfluidic devices for sharp-edge based microfluidics bioanalysis have been
demonstrated in this dissertation. A study of unique acoustic streaming coupling phenomenon for
on-chip bead-based ELISA was presented. In this method, though complete ELISA protocol can
be achieved under continuous flow condition inside microdevice, reagents including sample,
washing buffer, detection reagents were still loaded using a syringe pump. Due to its great
automation potential as it allows the whole assay to run in a continuous flow mode, in the future
work on this project, further directions of this project should focus on the integration with
multiple functions such as valving and pumping. To achieve this, more piezoelectric transducers
can be assembled to the device at different locations for providing multiplex fluid manipulations
through coupled streaming. Besides, with multiple transducers integrated on one single chip, the
acoustic streaming generated from transducer can be controlled independently, thus achieving
valving based on simply switching the acoustic signals. However, with the limitation of the
device size, acoustic streaming generated from different transducers has a great chance to get
interrupted from each other due to the close locations. The relevant positions between transducer
and channel can be further studied to reduce the effect.
The reported acoustic based method integrated vibrating sharp-tip with 3D printed
microfluidic device opened up a new path to 3D printed microfluidics. Assembling the external
structure into the 3D printed channel makes up for the current lack of 3D printing resolution in
microfluidics and provides the possibility for applications based on sharp structures. In this work,
due to the free assembling between structures and devices, the future work can focus on
providing multiple integration with different structures or functions onto 3D printed chips.
However, currently, hydrophobic coating is the only way of preventing the sample from leaking
123

outside the channel. Methods that can be used for better assembling between structures and
devices need to be discovered. In addition, for the application achieved by this sharp-tip
integrated 3D device such as DNA fragmentation, lots of work can be further implemented. The
working condition under continuous flow allows integration with various applications such as
on-chip cell lysis, DNA separation, extraction, and PCR. These can be achieved by combining
with micropumping, microvalving and other on-chip functions.
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